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AUTHOR'S    PREFACE    TO    THE 
FIRST    EDITION. 


At  the  suggestion  of  friends  in  practical  life,  the  author  pre- 
sents this  work.  It  was  first  published  in  the  Zeitscluift  des 
Vereins  deutsclier  Ingenieure,  1903,  but  is  here  greatly  amplified- 
Thanks  to  the  assistance  of  many  turbine  builders,  the  author  is 
in  a  position  to  give  a  further  series  of  important  constructive  de- 
tails that  may  be  generally  unknown,  and  hopes  to  have  approached 
a  step  nearer  to  the  goal  of  creating  a  reference  work  on  steam 
turbine  construction. 

In  the  present  state  of  steam  turbine  building,  we  must  give 
most  weight  to  the  discussion  of  the  scientific  principles  involved 
in  this  important  type  of  motor.  We  engineers  of  course  know 
that  machine  building,  through  widely  extended  practical  experi- 
menting, has  solved  problems,  with  the  utmost  ease,  which  baffled 
scientific  investigation  for  years.  But  this  "  cut  and  try  method,"" 
as  engineers  ironically  term  it,  is  often  extremely  costly  ;  and  one  of 
the  most  important  questions  of  all  technical  activity,  that  of 
efficiency,  should  lead  us  not  to  underestimate  the  results  of  scien- 
tific technical  work,  particularly  in  such  new  territory  as  this. 

Time  and  again  it  is  urged  that  machine  building  be  placed  on 
an  entirely  practical  experimental  basis.  Such  a  beginning  would 
not  be  impossible,  but  it  would  not  be  economical,  and  therefore 
not  technical.  Industry  cannot  do  without  scientific  cooperation, 
not  from  idealism,  but  because  under  certain  circumstances  it  is 
a  "  cheapest  method  "  of  accomplishing  our  purpose.  As  opposed 
to  the  above  very  one-sided  argument,  we  may  also  call  attention 
to  the  considerable  sacrifices  which  engineers  and  machine  builders 
have  made  in  vain,  due  to  incomplete  understanding  of  the  scien- 
tific principles  involved  in  the  problem  undertaken.  The  great 
majority  of  those  concerned  will  witness  with  indifference  the 
economic  loss  of  one  of  their  number  conducting  a  fruitless  experi- 
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ment ;  but  to  thoughtful  men,  such  an  occurrence,  which  is, 
unfortunately,  only  too  frequent,  is  regarded  as  a  common  loss, 
even  without  considering  the  fact  that  no  one  would  like  to  be 
placed  in  a  similar  position.  Steam  turbine  building,  especially, 
affords  numerous  examples  of  the  necessity  of  combining  con- 
structive activity  with  scientific  principles.  For  instance,  we 
might  refer  to  the  importance  of  previously  determining  the  exact 
dimensions  of  a  rotating  wheel  whose  periphery  reaches  almost 
the  velocity  of  a  bullet,  in  order  that  the  existing  stresses  in  the 
material  do  not  at  any  place  exceed  the  allowable  limits.  Or, 
again,  how  disadvantageous  it  would  be,  in  the  case  of  the  hori- 
zontally rotating  disc  wheels  that  have  lately  come  into  use,  and 
whose  diameters  attain  considerable  dimensions,  to  determine, 
experimentally,  after  first  constructing,  how  much  the  discs  deflect 
on  account  of  their  own  weight,  and  how  much  they  again  straighten 
out  due  to  their  centrifugal  force  ;  the  latter  a  point  of  great  im- 
portance, if  we  consider  the  scraping  of  the  blades  in  the  narrow 
clearance.  What  dangers  the  designer  risks  when  he  attempts  the 
building  of  steam  turbines  without  having  exact  knowledge  of  the 
phenomena  of  the  so-called  critical  velocity  !  Finally,  we  could 
ask,  is  it  "  economical  "  to  even  apply  for  a  patent  for  a  certain 
turbine  system  in  which  the  greater  part  of  the  attainable  work  is 
destroyed  before  the  steam  has  even  reached  the  rotating  wheel  ? 

Obviously,  on  the  other  hand,  we  should  not  expect  of  the  busy 
engineer  in  practical  life  that  he  should  closely  follow  the  compli- 
cated details  of  scientific  work.  It  is  advisable  also  for  technical 
students  to  acquire  fundamental  ideas  as  far  as  possible  before 
they  undertake  the  consideration  of  difficult  problems.  Neverthe- 
less, everyone  concerned  may  properly  be  invited  as  a  reader  to 
profit  by  the  results  of  scientific  investigation,  and  this  purpose,  it 
is  hoped,  this  present  little  treatise  may  serve.  Constant  care  has 
been  taken  to  check  the  results  by  experiment,  to  have  them  as 
reliable  as  possible.  It  may  be  mentioned  that  besides  the  experi- 
ments already  published,  others  have  been  made  on  the  flow  from 
nozzles  into  the  atmosphere,  on  the  resistances  of  turbine  blades, 
and  also  a  series  of  experiments  on  the  critical  numbers  of  revolu- 
tion of  multiple  loaded  shafts. 

Among  the  things  that  have  been  added,  it  may  arouse  interest 
to  note,  the  discovery  of  the  hitherto  unknown  critical  velocity  of 
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the  "second  degree,"  the  action  of  the  "resonance"  of  the  num- 
ber of  revolutions  on  the  vibrations  of  the  foundation,  the  deflec- 
tion of  horizontal  discs  and  the  action  of  their  centrifugal  forces, 
the  exact  solution  of  the  question  as  to  the  pressure  distribution  in 
a  flow  of  an  elastic  fluid,  etc. 

The  presentation  had  to  be  very  much  abbreviated,  and  often 
the  development  was  only  indicated,  still  to  the  closely  interested 
reader  the  proof  also  will  probably  be  everywhere  evident. 

In  order  to  facilitate  the  study  the  book  is  divided  into  three 
parts.  In  the  first,  the  principles  peculiar  to  turbine  are  discussed. 
In  the  second  are  found  investigations  requiring  more  advanced 
mathematical  preparation.  The  third  part  is  greatly  amplified  and 
gives  a  short  resume  of  the  mechanics  of  heat ;  for  there  is  no 
doubt  but  that  a  thorough  understanding  of  the  energy  transforma- 
tion in  a  steam  turbine  can  be  gained  only  by  having  thermodynamic 
foundation.  The  abstract  theory  of  unresisted  flow  must  be  given 
up  when  we  deal  with  actual  problems  ;  and  in  order  to  accomplish 
this,  no  means  will  suffice  but  a  thorough  understanding  of  entropy, 
which,  with  the  help  of  our  entropy  diagram,  will  permit  of  the  easy 
solution  of  all  heat  problems.  To  encourage  the  practical  engineer, 
to  freshen  up  on  the  somewhat  forgotten  principles  of  thermo- 
dynamics, the  fundamental  laws  of  this  science  have  been  briefly 
derived  for  heat  motors.  To  the  thoughtful  student,  the  discus- 
sions in  these  chapters  may  be  recommended  as  an  introduction. 
I  have  made  use  of  the  opportunity  to  present  the  second  funda- 
mental law  of  thermodynamics  from  one  of  the  modern  points  of 
view,  starting  from  perpetual  motion  of  the  second  type.  The 
derivation  given  by  Plancky  which  still  shows  some  obscurity  on 
close  inspection,  has  been  replaced,  I  hope,  by  a  more  satisfactory 
presentation.  The  more  this  second  fundamental  law  has  been 
attacked,  the  stronger  has  it  proved  itself,  and  for  this  reason  we 
caution  inventors  not  to  attempt  any  violation  of  this  fundamental 
law  of  our  science. 

The  conclusion  is  a  short  review  of  the  latest  suggestions  for 
the  work-processes  of  heat  engines,  and  because  of  the  recent  ad- 
vances in  the  coal-gas  producer  it  seemed  opportune  also  to  discuss 
the  gas  turbine. 

THE   AUTHOR. 
Zurich,  August,  1903. 


AUTHOR'S   PREFACE   TO   THE 
SECOND   EDITION. 


The  second  edition  differs  from  the  first  in  the  following 
details  : 

First,  in  the  interest  of  readers  who  are  in  practical  life,  an 
elementary  introduction  to  the  theory  of  steam  turbines  has  been 
undertaken,  which  avoids  following  the  changes  of  heat  conditions, 
nevertheless  with  the  aid  of  empirical  formulae  takes  into  account 
a  large  part  of  the  friction  occurrences. 

The  larger  part  of  the  time  at  my  disposal  I  spent  in  carrying 
out  a  series  of  experiments  on  the  frictional  resistances  of  turbine 
wheels  in  air,  from  which,  with  fair  accuracy,  the  resistances  in 
steam  may  be  determined.  These  experiments  have  at  least  par- 
tially filled  the  greatest  gap  in  the  theory  of  the  steam  turbine, 
and  have  furnished  a  reliable  foundation  for  future  analyses  of 
experimental  results. 

With  the  permission  of  Prof.  Mollier  of  Dresden,  there  has 
been  added  his  excellent  diagram  of  the  "  heat  contents  "  of  steam, 
exceedingly  useful  in  turbine  calculations. 

A  further  addition,  that  may  be  useful  to  designers  just  at  pres- 
ent, is  the  reports  of  the  comprehensive  experiments  on  the  many- 
stage  impulse  turbines  of  Zolly  and  Rateau.  As  the  author  was 
given  full  freedom  in  conducting  his  experiments,  researches  of  a 
scientific  character  could  also  be  made,  and  we  might  say  that  we 
know  more  about  the  performance  of  this  turbine  type  under  vari- 
ous conditions  of  running  than  that  of  any  other  system. 

The  immense  strides  made  by  the  steam  turbine  in  mechanical 
engineering  enabled  the  author  to  present  other  reports  besides 
those  on  the  Zolly  turbine,  namely,  on  the  new  turbines  of  Riedler- 
Stumpf,  Lindmark,  Gelpke  and  Scliulz ;  but  the  most  recent  con- 
structions could  not  be  taken  up. 

The  text  has  been  revised   thoroughly  so  far   as  time  would 
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allow,  and  considerably  simplified.  An  investigation  of  the  influ- 
ences which  unequal  heating  exercises  upon  the  stresses  of  disc 
wheels  has  been  introduced  because  it  was  of  special  practical  im- 
portance. A  discussion  of  the  marine  turbine  and  its  gyroscopic 
action  seemed  imperative.  The  critical  number  of  revolutions  of 
the  "  second  degree "  are  derived  in  a  simpler  manner,  and  the 
beautiful  investigations  of  Dunkerley  on  the  critical  number  of  revo- 
lutions of  shafts  have  been  taken  up.  Turbine  design  has  received 
special  emphasis,  and  the  author  is  pleased  to  be  able  to  present  a 
number  of  working  drawings.  Special  thanks  are  due  to  the  lib- 
eral-minded firms  that  have  risen  superior  to  the  prevalent  policy 
of  maintaining  secrecy  of  methods  and  of  design. 

The  steam  turbine  has  also  brought  about  practical  results  in 
commercial  life,  as  it  gave  rise  to  the  establishment  of  the  well- 
known  "community  of  interest"  which  was  hitherto  considered 
unattainable  in  the  circles  of  European  machine-building.  The 
intense  competition  to  be  expected  between  the  various  systems 
permits  us  to  say  that  the  designer,  through  the  force  of  cir- 
cumstances, is  compelled  to  strive  for  the  highest  degree  of  prac- 
tical and  scientific  perfection,  in  order  to  insure  every  possible 
success.  May  also  the  second  edition  of  this  book  serve  his 
purposes ! 

THE  AUTHOR. 
Zurich,  April,  1904. 


TRANSLATOR'S    PREFACE. 


In  presenting  this  authorized  first  English  edition  of  the  second 
German  edition  of  Prof.  Stodola  s  "  Steam  Turbines,"  the  translator 
desires  to  express  his  thanks  to  Prof  J.  F.  Klein  of  Lehigh  Uni- 
versity, not  only  for  suggesting  the  translation  itself,  but  for  much 
valuable  assistance  during  its  progress.  He  also  gratefully  ac- 
knowledges the  courtesy  extended  him  by  Prof  Stodola  in  author- 
izing the  translation  itself. 

All  formulae  in  the  German  edition  which  are  expressed  in 
French  units  are  given  in  both  the  French  and  English  units,  so 
that  they  may  be  applied  to  problems  by  English  engineers,  at  the 
same  time  permitting  the  checking  of  results  published  in  European 
engineering  journals  in  the  French  units.  The  experiments  con- 
ducted by  the  author  and  European  engineers  and  scientists  are 
left  in  their  original  units,  but  all  important  results  from  these 
experiments  have  been  recalculated  for  the  English  system. 

The  translator  has  also  constructed  a  large  diagram,  or  graphi- 
cal table,  from  which  can  be  read  directly  all  steam  properties  in 
English  units.  This  table  will  be  of  great  value  to  designers,  by 
saving  time  in  calculating  problems  relating  to  the  various  proper- 
ties of  saturated  and  superheated  steam.  The  two  diagrams  accom- 
panying the  German  edition  have  also  been  given  for  the  benefit 
of  those  who  would  compare  data  expressed  in  French  units  with 
those  expressed  in  English  units. 

There  are  works  on  the  Steam  Turbine  in  English,  but  none  in 
which  the  subject  is  so  exhaustively  treated  from  a  purely  scientific 
standpoint  as  in  Prof.  Stodola' s  work,  now  considered  the  standard 
authority  on  the  subject  in  Europe;  and  there  is  no  branch  of 
machine  design  in  which  a  complete  knowledge  of  the  theory  in- 
volved is  so  necessary  as  in  Turbine  Design.  For  this  reason,  it 
is  hoped  that  this  volume  will  prove  helpful,  not  only  to  designers 
and  engineers,  but  to  students  of  technical  schools,  and  to  those 
interested  generally  in  turbine  development. 

THE  TRANSLATOR. 
Bethlehem,  Pa.,  September,  1904. 
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q     Heat  of  the  liquid  per  unit  weight. 
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x    Fraction  of  steam  weight  in  mixture —  Quality  of  steam. 

T  Absolute  temperature. 

Ts  Absolute  temperature  at  the  curve  of  constant  steam  weight. 

\  =  q  +  xr  =  q  +  r  +  cp  (T  —  Tt)  "  Heat  contents,"  Total  heat. 

p     Absolute  pressures  ;  lbs.  per  sq.  ft.  or  kg.  per  sq.  m. 

v   .  Specific  volumes  ;  cu.  ft.  per  lb.  or  cu.  m.  per  kg. 

(  Internal  energy  per  unit  weight  (in  heat  units). 

I  Peripheral  velocity  (in  velocity  diagram). 
A  =  7^g-  (English  units)  or  ^\^  (French  units).     Mechanical  equivalent  of  heat. 
c    Absolute  steam  velocity. 
w  Relative  (also  absolute)  steam  velocity. 
Q    Quantity  of  heat. 
R    Work  of  friction  (in  heat  units). 
Z    Loss  of  kinetic  energy  (in  heat  units). 
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'  Shearing  force  (in  strength  of  materials). 
f,   F  Cross-sections.  * 

G    Weight  of  steam  flowing  through  per  second. 
M    Mass  of  steam  flowing  through  per  second. 

7=  -  Specific  weight. 
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<rr,  <rt  Radial  and  tangential  stresses  in  a  rotating  disc. 

03    Angular  velocity. 

wk  Critical  velocity. 

m    Ratio  of  elastic  elongation  to  cross-section  contraction. 
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£  Radial  expansion  of  a  rotating  disc. 

J  Moment  of  inertia  of  area  referred  to  the  neutral  axis. 

6  Mass  moment  of  inertia. 

j  Time. 
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h    H  "  Drop  "  of  heat. 

L  Mechanical  work. 

N  Power  in  h.p. 


I. 

ELEMENTARY    THEORY    OF    THE 
STEAM    TURBINE. 


lbs. per  sq.in 


Superheat 


1.   THE  ADIABATIC   CHANGE   OF   CONDITION   OF   STEAM. 

When  steam  flows  in  a  non-conducting  conduit  with  negligibly 
small    friction   and  eddy  current    losses,  it  undergoes  a  so-called 
reversible  adiabatic  change  of  condition.     Zeuner  proved  that  if 
the  steam    is  in  a  satu- 
rated    or    only    slightly 
moist    condition    the 
equation 

p  vk  =  constant     .   (1) 

is  true. 

k  is  a  constant,  for 

saturated    initial    condi- 
tion  of    steam  =  1.135, 

for    superheated    steam 

=  1.3. 

In  the  French  units 

/  =  pressure  in  kilograms 
per  square  meter. 

v  —  specific  volume,  or 
volume  of  one  kilo- 
gram in  cubic  me- 
ters.. 

In  the  English  units 

/  =  pressure  in  pounds  per  square  foot. 

v  —  specific  volume,  or  volume  of  one  pound  in  cubic  feet. 

l 


Qurve  of  constant 
steam  weight 
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Kg.  per  sq.  cm. 

r  AX     ■, 


A  curve  drawn  with  v  as  abscissa  and  /  as  ordinate,  will  be  a 
hyperbolic  curve  for  adiabatic  change  of  condition,  as  shown  in 
Fig.  1.  This  curve  will  have  a  slight  bend  at  AQ  in  passing  from 
the  superheated  to  the  saturated  condition.  The  volume  v'  of 
"  dry  "  saturated  steam  at  pressure/  is  given, 
according  to  Zeuner,  by  the  equation 


where 


=  1.0646. 


In  the  French  units  K'  =  1.7617,  when^> 
is  expressed  in  kilograms  per  square  centi- 
meter, and  v'  in  cubic  meters  per  kilogram. 

In  the  English  units  K'  =  480.2,  when 
/  is  given  in  pounds  per  square  inch,  and  vf 
in  cubic  feet  per  pound. 

The  curve  g  representing   equation    2  is 


Ot9         Ot3        Of¥        0,5        0,6         0,7         0,8         0,9        4,0        l,i 
Specific  Volumes:  cubic  meters  per  Kg. 


•1,2        1,$ 


i,S       1,6        V 

cubic  meters  per  Kg. 


Fig.  2. 

called  the  limiting  curve,  or  curve  of  constant  steam  weig/it. 
Below  g  is  found  the  moist,  and  above  it  the  superheated 
region.  In  the  latter  the  absolute  temperature  T  is  found 
for  pressure  p  and  volume  v  from  the  condition  equation  of 
Battelli-  Tumlirz  : 
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p(v  +  a)=RT (3) 

where  a  =  0.0084, 

and  where  in  the  French  units  R  =  46.7  when  p  is  in  kilograms 
per  square  meter,  and  T  the  absolute  temperature  (T  =  tempera- 
ture in  centigrade  degrees  4-  273). 

In  the  English  units  R  =  0.591  when  p  is  in  pounds  per  square 
inch,  and  T  the  absolute  temperature  (T  =  temperature  in  Fahren- 
heit degrees  -f-  461). 

If  p  is  expressed  in  pounds  per  square  foot,  then  R  =  85.1. 

In  the  moist  region  there  exists  a  mixture  of  dry  steam  and 
water.  The  volume  of  one  pound  of  water  is  o-0 ;  the  increase  of 
volume  by  complete  vaporization  at  the  pressure  p  is  the  difference 
of  the  values  v'  and  cr0,  and  is  expressed  as  a,  that  is, 

(T  =  vf  -a0 (4) 


In  one  pound  of  the  mixture  let  x  be  the  weight  of  the  steam, 
and  (1  —  x)  of  the  water,  x  is  called  the  fraction  of  steam  zveigJit 
in  the  mixture  or  quality  of  tJie  steam. 

The  volume  of  one  pound  of  the  mixture  is  then 

v  =  x  v'  -f-  (1  -  x)  o-0  =  x  (v'  -  cr0)  +  <r0  =x<t  +  o-0  .      .      (5) 

If  on  any  adiabatic  a  point  A2  is  taken  at  the  pressure  p2  and 
volume  v2i  the  quality  of  steam  is  found  by  taking  the  corre- 
sponding volume  v'  at  the  pressure  p2  on  the  curve  of  constant 
steam  weight  and  solving  for  x  in  equation  5.  Generally,  x  a  is 
so  large  compared  to  cr0  that  the  latter  may  be  neglected,  giving 
the  approximate  equation 


v  =  xa  and  x  =  -  or  —  • (6) 


In  Fig.  2  there  are  drawn  a  number  of  adiabatic  curves  and  the 
curve  of  constant  steam  weight,  so  that  with  given  p  and  v,  x  can 
readily  be  found. 
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2.    FORMULA    OF   DE    SAINT-VENANT. 

Consider  a  frictionless  steady  flow  in  the  non-conducting 
channel  K,  Fig.  3.  The  particles  of  steam  describe  regular  paths, 
called  stream  lines,  by  which  the  elementary  channel  K'  may  be 
supposed  to  be  bounded.  At  a  cross-section  Ax  of  this  channel 
let  the  condition  of  the  steam  be  expressed  by  the  pressure  px  and 
volume  vlt  at  cross-section  A2  by  ^2and  v2.  The  velocities  at  these 
sections  are  wx  and  w2  respectively.  The  relation  between  these 
quantities  is  expressed  by  the  formula  first  derived  by  de  Saint- 
Venant : 


w. 


^g 


=   /     v  dp  = 


work    represented    by    area    AXA2C2CX   in 
Fig.  1 (7) 


This  integral  is  simply  the  sum  of  the  infinitely  small  elements 

of  work,  that   are  absorbed  by  the  increase,  or  created    by   the 

decrease    of     pressure 
W*  dp    of   one   pound    (or 

kilogram)  of  steam ; 
and  it  is  represented 
in  Fig.  1  by  the  area 
AlA2C2Cl.  This  area 
can  be  found  by  means 
of  a  planimeter  and 
used  to  calculate  w2. 
The  pressure  in  any 
one  cross-section  of  the 
channel  will  naturally 
be  greater  on  the  con- 
cave side  of  the  channel 
than  on  the  convex;  but 
if  the  bend  is  not  too 
sharp,  their  difference 
may  be  disregarded,  and 

the  mean  values  for  the  entire  cross-sections  Ax  and  A2  expressed 

as  px  vx  wx  and  p2  v2  w2  respectively. 

The    "Law  of  Continuity"    says    that    with    steady    flow    an 

equal  quantity  of  steam  passes  any  cross-section  in  a  unit  of  time. 
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If  the  weight  passing  in  one  second  be  Gsc  and  the  area  of  the 
cross-sections  be  Fx  and  Fv  then, 


from  which 


therefore, 


Gsc  V\  =  F\  W\  y  Gsc  vi  =  F2w2t 


^1=F^2. (g) 


Fxv2 


Placing  this  in  equation  7  we  have 

^KtP)2-  A  =  Area  ^a%c%cx. 

From  this  equation  w2  can  be  calculated  from  the  known  ini- 
tial condition  of  the  steam. 

DERIVATION   OF   DE    SAINT-VENANT'S    FORMULA. 

Consider  the  elementary  channel  Kf  into  which  enters  at  Ax 
the  elementary  weight  of  steam  dG  in  the  elementary  time  dt,  and 
after  flowing  through  the  course  AY  A2,  emerges  at  A2.  To  find 
the  increase  of  velocity,  apply  to  the  entering  mass  element  the 
principle  of  the  conservation  of  energy.  It  can  be  said  that  the 
added  external  work  is  equal  to  the  increase  of  total  energy  of  the 
particle  between  the  final  and  the  initial  conditions.  To  consider 
only  the  external  energy,  that  is,  the  kinetic  energy,  is  not  suffi- 
cient, because  we  are  dealing  with  an  elastic  fluid,  which,  during 
its  motion  expands,  thus  performing  internal  work. 

So  far  as  the  work  of  external  forces  is  concerned,  weight 
will  always  be  neglected,  as  its  influence  on  the  steam  turbine 
problem  is  negligibly  small.  The  work  done  by  the  steam  press- 
ure on  the  external  surface  of  the  filament  of  flowing  steam  con- 
sidered is  zero,  for  the  pressure  is  at  right  angles  to  the  line  of 
flow.  Only  the  pressure  on  the  sectional  area  need  be  considered. 
Divide  the  line  of  flow  into  the  infinitely  small  lengths  dslf  ds*> 
ds"  ,  dsf"  .  .  .  dsn,  ds2,  in  which  dsl  and  ds2  are  the  length  of  an 
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element  at  the  initial  and  final  conditions.  Expressing  the  press- 
ures existing  at  these  cross-sections  by  px ,  p' >  p" ,  p'"  .  .  .  and  the 
corresponding  areas  by/!, /',/",/'"  ...  the  work  done  on  the 
upper  sectional  areas  is 

plf1dsl  4-  p'fds'+  ff'ds"  +p'"f"ds'"  +  -  .  .  +  pnfnds\ 

On  the  lower  areas  the  work  done  is 

/'/■'  d*  +  /"//'  ds"  +  /"/>'"  ds">  +  ■  •    +  A/i  *». 

and  is  negative  because  it  overcomes  the  back  pressure.  In  add- 
ing the  work  done,  the  intermediate  quantities  disappear,  and  the 
sum  is 

d0  =  P\f\ds\  ~  AAds2 ; 

but  since  dsY  =  wldt  and  ds2  =  w2dt,  it  follows  that 

dO  =  (plf1  wx-p2f2  w2)dt (9) 

Let  G  be  the  weight  of  the  quantity  of  steam  that  flows  through 
the  elementary  channel  per  second.  Then  dG  =  G  dt  =  weight 
of  the  element. 

From  the  law  of  continuity, 

G  =  f^1==f^1 (1Q) 

vx  v2 

Substituting  in  equation  9, 

dO  =  G  (plvl-p2v2)dt (11) 

The  total  energy  is  composed  of  kinetic  energy  and  internal 
energy.     The  former  gains  in  value 

dK=\h  m  (u!22  -  w2)  =  1  -  dt  {w?  -  w?) .     .     (12) 

The  internal  energy  of  the  element  is  decreased  by  the  equiva- 
lent of  the  work  done,  which  is  imparted  to  its  immediate  neigh- 
borhood during  expansion.      The  volume  of  the  element   Gdt  is 
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GdtVy  and  the  increase  in  an  infinitely  small  distance  is  Gdtdv\ 
if  the  corresponding  pressure  is  p>  the  work  done  is  Gdtpdv. 
The  complete  work  of  expansion  is,  therefore, 


dE  =  G  dt  I    p  dv. 


In  Fig.  1  the  integral  is  represented  by  the  areas  AlA2B2Bl. 
The  equation  which  represents  the  law  of  energy  may  now  be 
written 

dO  =  dK-  dE. 

Substituting  the  values  in  this  equation,  and  dividing  through 
by  Gdt  we  have, 


w« 


'±-=plv1-p%vt+  Cpdv      .     .     .     (13) 

*J  v. 


This  equation  refers  to  unit  weight  (one  kilogram  or  one 
pound)  of  the  flowing  steam,  and  can  be  easily  represented  graphi- 
cally. 

In  Fig.  1  add  to  the  expansion  work,  that  is  area  AlA2B2Bl, 
the  product  plvl  =  area  AlBlOCl  and  subtract  from  the  sum  the 
product  p2v2  —  2Lrea.  A2B2OC2,  then  area  AlA2C2Cl  remains.  But 
this  is  also  represented  by  the  sum  of  the  elements  vdp;  there- 
fore equation  13  can  be  expressed  as 


w<?  —  w 


^L=  f  vdp=AlA2ClC2 


(14) 


in  which  the  direction  of  integration  must  be  noted,  as  a  negative 
sign  must  be  used  if  the  limits  of  the  integral  are  transposed. 
From  the  equation 


i 


p  vk  =  c  or  pk  v  =  Ck (15) 

is  found  the  value  of  the  integral  in  our  problem  ;  solving  for  v, 
we  have 


i 


w2   - 
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°  />2 


Pi 

k 


1  1 

or,  multiplying  by  Ck,  substituting  for  Ck  in  the  first  part  of  the 

i  i 

equation,  p2k  v2 ,  and  in  the  second  part,  pYk  vY  we  have 

-^-__L=         1(A^i-A^2)    •     •     •     .  (16«) 

Formulae  16    and  16a  are  the  formulas  of    de  Saint-  Venant  and 
Wantzel  (1839). 

In  passing  from  the  superheated  region  to  the  saturated,  the 
integration  must  be  divided  into  two  parts ;  in  this  case  the  graphi- 
cal determination  of  the  area  AlA2ClC2  will  be  the  simplest.  In 
every  case  the  work  area  is  equal  to  that  representing  the  work 
necessary  to  accelerate  one  pound  (or  kilogram)  of  flowing  steam. 


3.  THE  DECREASE  OF  PRESSURE. 

On  account  of  the  similarity  between  the  integral  expression  in 
equation  7  and  the  "decrease  of  head"  in  hydraulics,  we  may  call 

Area  of  work  AlA2C2Cl  =  L0.     .     .     .     (17) 

the  "drop  of  head"  between  the  pressures  px  and  p2.  If  the 
initial  velocity  wY  is  wholly  or  approximately  negligible  (for  in- 
stance as  in  flowing  out  of  a  very  large  vessel),  then,  as  in  hydrau- 
lics, the  simple  formula 


w  =  *j2gL0 (18) 

is  used.      Since  all  losses  are  being  neglected  in  the  above,  Z0  may 
more  accurately  be  called  the  "theoretical  drop  or  loss  of  head." 


THE  LAVAL  NOZZLE. 


4.  THE   LAVAL   NOZZLE. 

If  steam  (or  in  general  any  elastic  fluid)  flows  through  a  simple 
orifice  from  a  space  of  higher  into  one  of  lower  pressure,  the 
pressure  in  the  orifice  will  decrease,  as  will  be  proved  later,  to  about 
one-half  the  initial  pres- 
sure, and  there  will  occur 
in  the  stream  after  leaving 
the  orifice  strong  acoustic 
vibrations.  These  vibra- 
tions cause  a  loss  of  effi- 
ciency and  an  effort  should 
be  made  to  avoid  them. 
De  Laval  has  accomplished 
this  by  adding  to  the  orifice 
a  conically  diverging  nozzle 
in  which  the  steam  can 
continuously  expand  down 
to  the  back  pressure.  The 
Laval  nozzle  is  simply  a  pipe  of  varying  cross-section  to  which 
de  Saint-  Venanfs  formula  can  be  applied.  The  dimensions  of 
the  nozzle  for  the  given  initial  pressure  pu  the  final  pressure  p2, 
and  the  quantity  of  steam  per  second  Gsc  pounds  (or  kilograms)  are 
best  found  graphically  as  follows  :  —  We  determine  the  "  decrease 
of  head  "  produced  by  a  drop  of  pressure  from  px  to  any  inter- 
mediate pressure  px,   and  making  the   allowable  assumption  that 


Fig.  4. 


Z£/i 


=  0,  we  find  the  corresponding  velocity 


w. 


=  ^gLx. 


From  the  curves  of  adiabatic  expansion,  or  by  computation,  the 
specific  volume  vx  may  be  found,  and  from  this  the  specific  weight 
or  density 

1 


7x  =  - 


The  equation  of  continuity  then  becomes 


Gsc=fxWxlx> 
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whence 


/*= 


w*7j 


(19) 


If  we  construct  the  nozzle  cross-section  fx  as  a  function  of  the 
pressure/^,  Fig.  4  shows  that  this  section  has  a  minimum  value  fm 
for  which  there  is  also  a  corresponding  pressure.  If  p  =  plffx  is 
infinite,  because  wl  =  0,  i.e.,  fx  is  practically  very  large,  and  wx 
very  small.     The  nozzle,  Fig.  5,  is  made  very  short  to  the  cross 


section  fm,  to  avoid  frictional  losses.  From  fm  onward  the  profile 
remains  practically  a  straight  line,  with  an  angle  of  cone  of  10°, 
as  with  sharper  divergence  the  steam  stream  might  separate  from 
the  wall.  The  cone  is  extended  until  the  cross-section  f2  is  reached. 
For  any  intermediate  diameter  dx,  the  corresponding  fx  in  Fig.  4 
gives,  being  to  the  right  of  fm,  the  corresponding  pressure px. 

The  nozzle  can  be  easily  calculated  by  Zeuner's  method*  so 
long  as  the  steam  is  superheated  or  saturated,  i.e.,  so  long  as  k  re- 
mains constant.  Since  w1  =  0,  formula  16  gives  for  the  pressure 
px  the  velocity 


The  equation  of  condition  gives 


*  Zeuner's  Theorie  der  Turbinen      Leipsic,  1800,  p.  26S. 


•     (20) 
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11 


and  from  the  law  of  continuity 


(21) 


k 


Determining  by  the  laws  of  analysis  the  value  of  px  which 
would  make  wx  *■*-  vx  a  maximum,  and  therefore  fx  a  minimum,  we 
get 

A 

A 
and  from  this 


v.     /_2_y=i 


(28) 


^»  =  t/2^ 


£  +  1 


A»i 


(29) 


^=V2^-Ti(S)(5)   •    •   •    •    (30) 

or,  for  saturated  condition  with  k  =  1.135,  according  to  Zeuner 
in  French  units 

A,  =  0.5744/, 


GK=\^fmJt 


\ 


(31) 


in  which  p  is  in  kilograms  per  square  centimeter,  v1  is  in  cubic 
meters  per  kilogram,  fm  is  in  square  meters. 
In  English  units 

pm=  0.5744  /„ 

wm=70.2VAV1( 

G5C=43.25/m./^, 


in  which  p  is  in  pounds  per  square  inch,  i\  is  in  cubic  feet  per 
pound,  fm  is  in  square  inches. 
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The  final  cross-section  f2  is  deduced  from  the  equation 


Gsc  = 


Am 

v2 


x  _  Gscv2 

/2 


lO.> 


30         40         50         60  70         80         90        100 

Ratio  of  Pressures     Pi 


Fig.  6. 


or  from  the  relation 


J m 


Gscvm 


fm         V* 


V*        Wr 


w« 
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after  w2  and  v2  have  been  calculated  from  equations  20  and   21. 
Zeuner  calculates  elsewhere  the  following  table  :  — 

^  =  1.732     2  4  6  8         10        20        50         70         100 

^  =    1       1.015  1.349  1.716  2.069  2.436  3.966  7.980  11.555  13.802 

J  m 

which  is  graphically  represented  in  Fig.  6.      The  quality  of  steam 
existing  at  the  end  of  the  nozzle  is  also  shown. 

The  velocity  at  the  narrowest  place,  wm,  varies  only  slightly 
with  the  initial  pressure  ;  for  instance,  in  the  French  units 
for/i  =    5  kilograms  per  square  centimeter,  wm  =  442.4  meters, 
"  pY  =12  kilograms  per  square  centimeter,  wm  =  454.3  meters. 
In  the  English  units 
for/>!  =     71.12  pounds  per  square  inch,  wm  =  1451.5  feet, 
"  px  =  170.68  pounds  per  square  inch,  wm  =  1490.6  feet. 
If  the  back  pressure  p2  exactly  equals  pm ,  that  is 


(5) 


A" 

A  J      \A 


then  the  nozzle  can  only  be  laid  out  as  far  as  the  narrowest  part. 
If  p2  >  pm ,  then  the  pressure  p2  itself  exists  in  the  orifice,  and  w2 
and  v2  are  obtained  from  equations  20  and  21,  whence 

Gv, 

but  the  nozzle  remains  convergent,  or  at  the  very  most  cylindri- 
cal, with  a  rounded-off  entrance. 

The  complicated  phenomena  occurring  in  a  too  short  or  too  long 
nozzle  for  a  given  ratio  /:  -h  p2  will  be  discussed  later. 

For  the  flow  through  passages  of  a  turbine  the  derived  formulae 
are  directly  applicable,  if  the  curvature  be  not  too  great. 

5.    CLASSIFICATION   OF    STEAM   TURBINES. 

There  may  be  distinguished  just  as  many  types  of  steam  tur- 
bines  as   of   water   turbines.      The   direction    of    the   steam  flow 
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differentiates  Axial  from  Radial  Turbines.  In  the  former 
the  velocity  of  the  steam  particles  has  besides  the  peripheral 
component,  only  a  component  in  the  axial  direction ;  in  the 
latter  only  a  peripheral  component  and  a  radial  component.  A 
more  important  distinction,  however,  depends  on  the  pressure  ex- 
isting in  the  clearance  space  between  the  guide  and  rotating 
wheels.  If  this  pressure  is  greater  than  that  at  exit  from  the 
rotating  wheel,  we  have  a  reactioji  turbine ;  if  the  pressures  are 
equal,  an  impjtlse  turbine.  If  the  channel  between  the  blades  of 
a  turbine  is  not  entirely  filled  by  the  flowing  steam,  it  may  be 
*  called  a  "free  jet  turbine;  "  and  if  the  channel  be  just  filled,  but 
without  excess  pressure,  the  "limit  turbine."  If  the  steam  enters 
around  the  entire  circumference  of  the  rotating  wheel  it  is  called 
full  peripheral  admission;  or  if  only  partly,  partial  peripheral 
admission. 

In  contrast  to  hydraulic  turbines,  there  may  be  in  steam 
turbine  design,  a  combination  of  two  or  more  successive  turbines, 
which  we  shall  call  few-stage  turbines,  or  a  combination  of  a 
large  number  of  successive  turbines,  which  we  shall  call  many-stage 
turbines.  Although  we  cannot  distinctly  separate  these  two  types, 
the  double  nomenclature  is  necessary,  because  the  turbine  with 
a  large  number  of  stages  is  calculated  in  a  vastly  different  way 
from  the  one  with  a  few  stages.  In  the  few-stage  turbine  the 
pressure  is  either  utilized  in  separate  stages,  or  expansion  takes 
place  immediately  to  the  final  pressure,  and  the  resulting  total 
kinetic  energy  of  the  steam  is  used  in  several  successive  turbines. 
For  the  latter  type  Riedler  has  offered  the  name  "velocity 
stage"  as  distinguished  from   "pressure  stage." 


A.   AXIAL  TURBINES. 

6.    THE    IDEAL   SINGLE   STAGE   IMPULSE   TURBINE. 

The  form  of  the  nozzle  is  determined  by  the  method  derived 
above,  and  gives  as  the  absolute  velocity  of  exit,  cx.  See  Fig.  7. 
Resolve  cY  into  the  components  w1  and  u,  the  latter  being  the  peri- 
pheral   velocity    of   the    wheel,    and  w1  the  "relative"   entrance 
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velocity  at  the  rotating  wheel.     wx  is  the  resultant  of  cx  and  the 


negative  velocity 


u. 


The  direction  of  wx  determines  the  slope 


s 

a. 

/ 

"    / 

/ 

\o  ^y"^-  «V 

10               u 

U 

ai  of  the  first  blade  element,  so  that  entrance  may  be  free  from 
shock.  The  angle  ax 
refers  mostly  to  the 
back  of  the  blade,  as  a 
shock  on  that  side  of  the 
blade  would  be  detri- 
mental, and  would  also 
cause  greater  losses 
than   a    shock  on  the  &•     • 

front  side.  With  frictionless  motion  wx  remains  constant  in  the 
wheel,  and  appears  as  relative  exit  velocity  w2  from  the  rotating 
wheel  ;  the  resultants  of  w2  and  u  give  the  absolute  exit  velocity 
c2.  The  angles  of  cXi  wlt  and  zv2  are  a,  alt  a2.  Generally,  a2  =  alf 
whence  the  cross-sections  at  entrance  to  and  exit  from  a  rotating 
wheel  will  be  equal,  while  a2  will  have  a  somewhat  excessive  value. 
If  a2  is  less  than  aL  then  the  passage,  keeping  constant  cross- 
section,  must  be  widened  in  a  radial  direction  toward  the  exit  (as 
in  Girard  turbines),  to  avoid  eddy  currents. 

o 

The  value  of  the  angle  a  is  about  17  to  20° ;  for  a2  the  same 
value  may  be  used.      De  Laval  generally  makes  c^  =  a2  =  30°. 

The  capacity  for  useful  work  in  meter  kilograms  per  kilogram 
of  steam,  or  in  foot-pounds  per  pound  of  steam,  is 


u 


%- 


if  Gsc  represents  the  weight  of  steam  used  per  second,  the  useful 
horse-power  in  French  units  is 


in  English  units, 


Nn 


Na 


15 


Gsc^O 

550 


From  Z0  there  is  lost  the  work  in  the  steam  at  exit, 


L    -     2 
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We  gain  the  so-called  indicated  steam   work  per  unit  weight  of 
steam, 

Li  =  L,-Lz=<Lzli (2) 


From    this  the  indicated  work  per  second  in  horse-power  is, 
in  French  units, 

G    L 
N{  =  -~ — -  horse-power; (3) 

To 


in  English  units, 


Ni  =  — - — *  horse-power. 
550 


The  steam   consumption   per  hour  per  indicated   horse-power 
_  3600  G, 

in  French  units, 


n       3600  Gsc  .      (         .    Q 

=  Z/{  =  ■ — — — -,  or,  using  formula  3, 


n       270  000 

or  in  English  units, 

_  1  980  000 

The  indicated  efficiency  is 

T         r2  —  r2 


Vi !   =   T-  = 


L0  cl 

If  ax  =  a2,  we  find  by  swinging  w2  around  the  vertical,  as  in 
Fig.  7, 

c22  =  cf  +  (2  uf  -  2  cx  (2  «)  cos  a, 
whence, 


Vi  =  ^  —    cos  a 
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If  a  is  determined,  then  rfi  depends  only  on  the  ratio  n  -s-  cl9 
so  long  as  we  assume  that  a!  is  constantly  changed,  so  that  the 
steam  always  enters  without  shock.  As  n  increases,  ^  first  in- 
creases to  the  maximum  value 


cos-  a, 


u        1 

which    is   obtained   when   -  =    ~  cos  a.     Then  rj{  decreases  until 

c\        & 

n 
u  =  el   cos   a ,  when   it   becomes  0.     As  a  function  of   -  ,   rji  will 

c\ 
be  represented  by  a  parabola. 

If,  for  instance,  a  =  17°,  then  Vmax  =  0.914  when  -  =  0.478. 

If  Cl  =  1200  meters  (3937  ft.),  then  u  =  574  meters  (1883.3  ft.), 
which  is    impracticable.       If   u   be  limited   to  the  experimentally 

practicable  value  of   400  meters'  (1312.3  ft.),  that  is    -  =  0.333, 

then  7]{  =  0.836,  that  is  about  8.5%  less  than  in  the  previous  case. 
However,  since  the  frictional  work  of  the  wheel  running  with  no 
load  decreases  with  decrease  of  peripheral  speed,  part  of  the  above 
loss    is    regained,    and    there    is    no    serious  loss  of    economy    if 

it 
we  go  below  the  theoretically  proper  value  of  -  . 


7.    THE   SINGLE   STAGE  IMPULSE   TURBINE,   CONSIDER- 
ING  FRICTION. 

The  friction  in  a  nozzle  has  the  effect  of  decreasing  the  exit 
velocity  to  the  value 

c\  =  <K (1) 

where  e0  denotes  the  theoretical  value 

<r„  =  V27r0 (2) 

The  coefficient  </>  can  be   taken,   in  long   nozzles   with  condensa- 
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tion,  at  0.95  to  0.90  ;  in  short  nozzles  with  free  exhaust,  at  0.95  to 
0.975.*     Combining  cY  with  —  u  again  gives  wlt  but  this  is  de- 


Fig.  8. 


creased  by  friction  and  eddy  currents  during  exhaust  to  the  smaller 
value 


W2  =  "^TWy 


(3) 


in  which  yjr  depends  on  the  velocity  wlf  on  the  form  of  blades  and 
on  other  factors.  It  appears  that  the  smallest  value  of  ty  is  0.7  ; 
with  smaller  values  of  wu  ^  would  increase,  and  with  zvx  =  250 
meters  (820  feet)  might  approximately  be  estimated  at  from  0.85 
to  0.9.  Finally,  w2  and  -f  u  give  the  velocity  of  exit  c2.  (Fig.  8.) 
These  losses  by  friction  expressed  as  loss  of  work  are, 


in  the  nozzle 


c«  ~  c *  =  (1  -  4>2)  —  J 


in  the  blade  channel 


Wi 2  —  ZV<? 


"*--, 


*    See  Article  16. 
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The  "indicated  "  work  per  pound  (or  kilogram)  of  steam  is 


^0  <V  -  *1  ^1     —  W'2  C2 


*      2g  2g  2g  2g      '     '     '     U 


The  "indicated"  efficiency  is 


*-£ (5) 


A 


The  "indicated"  power  in  h.p.  is  in  French  units, 

:-  Li . 
75    ' 

r. 


^=-#; (6) 


in  English  units, 

c7,..Z, 


550 


Deducting  from  N{  the  wheel  and  bearing  friction,*  we  get  the 
effective  power  at  the  turbine  shaft 

N=N{-Nr, 
and  the  effective  efficiency 

.    N* 

7a.    DETERMINATION     OF     THE    CROSS-SECTION      DIMEN- 
SIONS  FOR   A   SINGLE   STAGE    IMPULSE   TURBINE. 

Assume  as  given  the  power,  steam  pressure,  and  vacuum. 
Assume  the  peripheral  velocity  as  nearly  equal  to  the  most 
favorable  velocity  as  possible.  From  the  number  of  revolutions, 
which  depends  upon  numerous  conditions,  such  as  method  of 
propulsion,  the  accuracy  of  manufacture,  etc.,  the  wheel  radius  is 
found.  The  wheel  and  bearing  frictions  Nr  can  be  estimated 
from  the  formulae  given  in  Articles  33  and  53,  so  that 

Nt  =  Nt  +  Nr 


*  See  Articles  S3  and  6.3. 
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is  also  given.     From  the  velocity  diagram   find  the  "  indicated " 
work  L{  per  unit  weight  (kilogram  or  pound)  of  steam,  and  then 
from  equation  6  of  the  previous  article, 
in  French  units, 

75  Nt 


or  in  English  units, 


c„= 


Li 


550^. 


Lt 


Divide  Gsc  among  an  appropriately  large  number  of  nozzles,  which 
can  be  derived  as  previously  explained. 

The  length  of  the  blades  should  be  such  that  the  jet,  even  at 
the  widest  places  (for  instance  with  round  nozzles),  can  enter  the 
wheel  without  obstruction.  At  entrance  the  blades  are  ground 
down  to  nearly  a  sharp  edge ;  beyond  that  the  blades  are  of  the 
ordinary  constant  thickness. 


8.    THE   SINGLE   STAGE   REACTION    TURBINE. 


With  definite  initial  and  final  pressures 
there  exists  in  the  clearance  space  between 
wheels  an  intermediate  pressure  p,  which 
From  the  adiabatic  curve  find  the  specific 
sponding  to  the  pressure^,/, p2. 

The  value  of  p  is  theoretically,  so  far  as 
unimportant,  but  practically  it  materially 


Fig.    9. 


px  and  p2  respectively, 
the  guide  and  rotating 
can  be  chosen  at  will, 
volume  vlt  v,  v2  corre- 

economy  is  concerned, 
influences  on  the  one 
hand  losses  due  to  leak- 
age, and  on  the  other 
hand,  the  peripheral 
velocity. 

If    with    saturated 
steam       the      ratio 

l\  or    —    exceeds     the 

/  Pi 

limiting  value   1.7,  the 

turbine    channel,     like 

the     conical     nozzle, 
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must  be    contracted    to    a    minimum    cross-section,    and    widened 
again  from  there  on. 

The  reaction    turbine  generally  exists  only  as  a  many  stage 
turbine,   in    which   this 
contraction    is     unnec- 
essary. 

Divide     the     work 
area  according  to    the 

pressure    p    into    two  pjp->   \§m 

parts,  L1  and  L2 ;  then, 

with    the    notation  in   Fig.   9  we  have   for  the    guide    wheel    the 
equation 


r  2  —  r  2 


:i'' 


L, 


(1) 


where,  strictly  taken  cQ  should   be  charged  to  the  work  Llt  hence  c0 
should  be  calculated  as  0. 

From  c1  and  —  u  we  obtained  w1  (see  Fig.  10),  which  is  accel- 
erated in  the  rotating  wheel  to  w2  according  to  the  equation 


zv22  —  zv* 


L 


(2) 


and 


Z0  =  Lx  +  L. 


The  ratio  ~  is  called  the  degree  of  reaction. 

The   resultant   of   w2  and  +  u  gives   the   velocity  of    exit    c2. 
Fig.  10. 


The  loss  of  work  in  a  frictionless  turbine  is 


The  theo- 


retically useful  work  is 


Lt  =  L,  +  U  -  2- 


^g 


(3) 


The  indicated  horse-power  is, 
in  the  French  units, 


G„.  Lt 


(4) 
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in  English  units, 


N<  = 


Gsch. 
550  ' 


and  the  indicated  efficiency  is 


Lt       _  Lt 


Ll  +  L2      Lq 


(5) 


To  determine  how  the  efficiency  varies  with  peripheral  velocity, 
assume  that  the  axial  components  of  the  velocities  cx,  c2,  w1}  w2  are 
equal  and  =  c0,  and  also  that 


a  =  ol2,      di  =  a2 


According  to  the  principle  of  impulsion   explained   later  on,  the 
indicated  power,  with  the  notation  of  Fig.  11,  is 


L.=  -{cj  +c2')u  =  (2^  cos  a-u)  -    ...     (6) 


and  the  indicated  efficiency  is 

1 


V, 


gU 


(2cx  cos  a  —  u)  u 


0) 


Fig.  11. 


,  Here,    too,    if  it    be  as- 

sumed that  the  value  of  aY  is 
always  such  that  there  is  no 
shock  at  entrance,  and  that 
the  degree  of  reaction  is 
maintained  constant,  the  effi- 
ciency as  well  as  the  indi- 
cated   power    will     increase 


with  the  peripheral  velocity  as  the  ordinates  of  a  parabola.      Both 
reach  their  maximum  value  when 


u  =  cx  cos  a 


(8) 
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8a.    DETERMINATION   OF   THE   CROSS-SECTIONS  FOR 
A   SINGLE    STAGE   REACTION   TURBINE. 

The  indicated  power  Nt  must  be  estimated  from  the  effective 
power  as    in    the    impulse   turbine, 
and  then  from  equation  4  the  weight 
of  steam  per  second  Gsc  can  be  cal- 
culated. 

With  infinitely  thin  blades  the 
cross-section  at  exit  of  a  guide 
wheel    with    full   peripheral    admis-  Fig.  12. 

sion   will   be,   calling   D  the    mean 
diameter,  a  the  radial  length  of  the  blade,  and  a  the  blade  angle, 

F  =  it  Da  sin  a (9) 

If,  with  finite  thickness  of  blade,  e  is  the  width  of  the  channel, 
y  the  distance  between  similar  blade  surfaces  at  exit,  Fig.  12,  then 
J  —  e  =  s  the  blade  thickness,  then 

F=  —  7r  Da  sin  a (10) 

Similarly,  for  entrance  to  and  exit  from  the  rotating  wheel, 

Fl=~L?7rDlalsm  ai (11) 


F2  =  ~277rD2a2sin  a2 (12) 

The  increase  of  the  specific  volume  of  steam  causes  here  a 
considerably  greater  change  of  cross-sections  than  with  hydraulic 
turbines. 

From  the  law  of  continuity  follows  the  threefold  equation 


G, 


Fcx      Flzvl      F2w, 


V  V 


and  these  formulae  serve  for  the  calculation  of  F,  Flf  F2 
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For  instance,  supposing  a  =  a2,  D  =  D2)  e  =  *2,  ^  =  4,  and 
^  =  w2f  we  get 

§  =  ^  =  a2 (13) 

This  ratio  may  become  considerable  in  the  low  pressure  wheels 
of  reaction  turbines,  in  which  for  instance,  expansion  occurs  from 
0.3  to  0.2,  or  0.2  to  0.15  atmospheres  (4.4  to  3,  or  3  to  2.2  pounds 
per  square  inch  absolute),  and  the  volumes  increase  approximately 
in  the  inverse  ratio.  If,  for  constructive  reasons,  so  large  a  differ- 
ence of  radial  lengths  is  impracticable,  because  perhaps  a  must 
equal  a2,  under  the  assumptions  made,  and  because 

F2      a2  sin  a2      sin  cu      v2  ._,  .. 

■4  =  JL-- — -  =  -  — -  =  - 14> 

r        a  sin  a        sin  a        v 


the  continuity  must  be  satisfied  by  the  angles.  a2  can  therefore  be 
given  a  very  much  larger  value  than  a,  which  changes  the  velocity 
diagram.  The  values  zvx  and  w2  remain  the  same,  but  c2,  that  is, 
the  entrance  loss,  considerably  increases. 

The  calculation  is  simplified  by  using  the  so-called  axial  clear 
cross-section,  and  the  axial  component  of  the  velocity.  If  the  lat- 
ter be  designated  by  adding  the  subscript  n  as  cXn,  wln,  w2n  and  c2nf 
and  if  we  assume  a  turbine  with  infinitely  thin  blades,  then  the  law 
of  continuity  gives 

_  7r Dxa'  sin  acx       ir Dxa{  sin  alwl       ir D2a2  sin  a2w2 
V  V  v2 

but  here 

cx  sin  a  =  cn;     wx  sin  ax  =  wXn\     w2  sin  a2  —  w2n    .      (15) 

We  understand  by  axial  clear  cross-sections  the  values 

Fn=7rDa';     Fln=irD1a1f;     F2n=irD2a2'.     .      (16) 


Hence, 

Q      =  FnC\  n  =  F\nW\n  =  F2n™2n 

V  V  v2 


.     (17) 
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that    is,  the  law  of  continuity  also  applies  directly  for  tJie  axial 
velocities  and  cross-sections. 

After  having  found  the  ideal  blade  lengths  a',  a{,  a<{  from  equa- 
tion 17,  the  effective  lengths  are  found  from  the  equations 


e'   , 
a  =  -  a  ; 


al  =  ~al/ ; 


a2  =  —  a{ 
e<> 


(18) 


9.    DETERMINATION   OF   THE   POWER    AND   THE    EFFI- 
CIENCY BY  MEANS  OF  THE  IMPULSE  PRINCIPLE. 

Since,  in  the  axial  turbine,  as  has  been  assumed,  the  direction  of 
the  flow  of  steam  is  such  that  there 
exists  nowhere  a  radial  velocity,  the 
power  given  to  the  wheel  originates 
in  the  change  of  the  peripheral  com- 
ponent cu  of  the  absolute  velocity,  as 
can  be  seen  from  the  following : 

Divide  the  contents  of   a  channel 
between   blades,  by  parallel  planes  at 
right  angles  to  the  axis,  into  a  num- 
ber of   infinitely  small  parts,  and  de- 
note the  mass  of  one  of  these  by  htn  (Fig.  13).     Call  the  peri- 
pheral component  of  the  pressure  in  the  channel  working  on  this 
element  SP,  and  apply  to  the  acceleration  (or  retardation)  of  the 
same  the  fundamental  equation  of  mechanics,  that  is,  the  Formula 


fi 

n          * 

iM^A' 

«< 

3*^      c 

%,,&.., 

ca      ^ 

%2&*.b> 

Fig.  13. 

or 


hm-^=hP 
dt 


hm>  8c ..  =  BP 'dt 


(i) 


(2) 


Adding  all  the  similar  expressions  for  the  contents  of  the  entire 
channel,  dt  may  be  taken  out  as  a  common  factor,  and  2  dP  =  P  = 
the  total  peripheral  pressure  in  the  channel,  that  is,  the  negative 
of  the  peripheral  driving  force 
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Pdt=28mdcu (3) 

Let  cj  be  the  value  of  cu  at  the  end  of  time  dt,  so  that 

and  equation  2  becomes 

Pdt=Z8incu'  -^hmcu (4) 

On  the  left  in  this  equation  is  the  so-called  "impulse"  of  the 
force  P  during  the  time  dt ;  on  the  right  the  value  of  the  increase 
of  momentum  of  the  channel  contents  during  this  dt  time.  During 
the  time  dt  these  contents  have  moved  from  AB  to  A' B'  (Fig.  13). 
The  momentum  of  the  mass  between  A'  and  B  is  unchanged,  the 
element  B B'  shows  an  increase  equal  to  dmca,  where  ca  is  the  value 
of  cu  at  exit.  The  vanished  element  A  A'  shows  a  decrease  equal 
to  dmce)  where  ce  is  the  value  of  cu  at  entrance.      Consequently, 

ZSmcJ  -^hmcu  =  dm{ca-  ce)     ....      (5) 

If  M  is  the  mass  of  steam  flowing  through  in  unit  time,  then 

dm  =  Mdt (6) 

which,  substituted  in  equation  5,  finally  gives 

P  =  M{ca-ce) (7) 

Since  this  formula  holds  for  one  channel,  it  can  be  extended  to 
hold  for  all,  so  that  in  equation  7  the  letters  may  be  given  the  fol- 
lowing significance : 

P  =  total  peripheral  force. 
M  —  mass  of  steam  flowing  per  second. 
ee  and  ca  —  the  peripheral  components  of  the  absolute  veloci- 
ties at  entrance  to,  and  exit  from,  the  rotating  wheel. 
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If  ca  and  ce  are  opposite  (which  is  Ordinarily  the  case),  the 
quantity  in  the  bracket  is  the  sum  of  the  absolute  velocities,  that 
is 


P  =  M([c.]  +  [ce]) 


(la) 


The  work  per  second  (in  foot  pounds  or  meter  kilograms)  is  the 
product  of  the  peripheral  force  and  the  peripheral  velocity 


Pu  =  M(ca-ce) 


(8) 


If  we  consider  the  effect  on  one  pound  or  one  kilogram,  then 


g 


and  Pit  equals  the  indicated  work  per  pound  or  per  kilogram,  that 
is 


(9) 


Fig.  14. 

which  expression,  for  instance,  with  the  single  stage  impulse  tur- 
bine, gives  the  identical  values  with  equation  4,  Article  7. 

The  proof  that  this  is  the  case  is  easily  obtained  by  the  follow- 
ing transpositions  :  According  to  equation  4,  Article  7, 


L>=  j^Vtf  -  *>ft  +  (t*f  -  cf)l 
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Denote  the  horizontal  projections  of  these  velocities  by  c{,  w{>  w/, 
c2i  and  the  vertical  projections  by  c{' ,  c".  We  then  have  from 
Fig.  14, 

then 

-2  _  „„,2  ^  ^/2  _  „B,f2 


also 
and 


9  9  /  9  /  9 

w2  —  c2  =  w{ z  —  c2    , 


Lt=  ^;[(^2-«'i'2)+(W2-r/2)] 

o 

=  g^[(«i'  +  «*0  &'  -  O  +  («V  +  eft  («V  -  «/)]■ 

In  this 

c{  —  w{  =  u;  w2  —  c2  =  u, 

c{  +  w{  =  2cx'  -  u\         w{  +  c{  =  2c2'  +  u, 
then 

Li=  -W+tfl" (10) 


agreeing  with  equation  la. 

Mechanics  prove  that  in  general  the  driving  turning  moment  c^Tl 
per  pound  or  kilogram  of  steam  is 

»-(v.'-v.');' 

in  which  cj  and  cef  are  algebraically  the  peripheral  components  of 
the  absolute  exit  and  entrance  velocities  ;  and  aa  and  ae  their 
moment  arm  relative  to  the  shaft.  If  co  is  the  angular  velocity  of 
the  shaft,  the  formula  for  the  work  is 


L(  =  m  <o  =  (aacaf  -  aece')  - 

g 
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The  available  work  per  pound  or  kilogram  we  have  called  Z0, 
then  the  indicated  efficiency  is 


which  formula  can  be  advantageously  used  with  radial  turbines. 


10.    THE  FEW   STAGE   IMPULSE   TURBINE, 


This  consists  of  a  succession  of  impulse  turbines.     We  shall  in- 
vestigate the  following  case  : 

a.    ONE       PRESSURE      STAGE,     MULTIPLE       VELOCITY       STAGES 

(Fig.  15). 

The  jet  expands  in  the  nozzle  to  the  back  pressure,  and  attains 
the  velocity  cl9  which  with  —  u  gives  the  relative  velocity  w1.  For 
the  ideal  turbine  w2  =  wlf  and  it  is  assumed  that  a2  =  ax.  From  w2 
and  4-  u  the  absolute  velocity  c2  is  obtained.  With  this  velocity 
the  steam  enters  a  second  set  of  guides  and  is  turned  in  the 
direction  of  the  velocity  c{\  so 
that  (theoretically),  since  the 
pressure  remains  constant,  c{ 
must  equal  c2.  The  angle  a0' 
which  c2  makes  with  the  cir- 
cumference of  the  wheel,  is 
also  used  as  the  angle  which 
c{  makes.  The  velocities  «;/, 
w2't  c2  can  be  applied  to  the 
second  rotating  wheel,  and  c2  is 
changed  to  c"  in  a  third  guide 
wheel,  and  then  to  w"  and  w2" 
in  a  third  rotating  wheel,  giving 
the  final  exit  velocity  c" .  The 
angle  of  slope  of  w{,  w{  and  Fl&;   15' 

c2>  c">  respectively,  and  w",  w"  are  alternately  equal.  The 
velocity  diagram  is  shown  in  Fig.  16,  and  revolving  the  velocities 
as  shown  on  the  right  side  of  the  vertical  line  around  this  vertical 
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Fig.    16. 

as  an  axis  gives  the  form  shown  in  Fig.  17.  The  minimum  pos- 
sible value  of  c"  would  be  c ;  in  this  case  the  peripheral  velocity 
would  be 


u  = 


C,  cos  a 


By  dividing  the  velocity  into  a  number  of    stages,  it  is   pos- 
sible to  reduce  the  peripheral  velocity  very   considerably. 


y        2        3         4      500  meters 

Fig.  17. 


The  work  transmitted  to  the  individual  wheels  per  pound  or 
kilogram  of  steam  is 
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r,2  —  r'2 


^g 


^     ' 


*g 
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•     (1) 


or,      -  {cx  cos  a  —  u)  n>    -  (r/cos  a  —  u)  zi,     -  (c"  cos  a"  —  u)  u, 

&  Q  <~> 

from  which  it  is   evident  that  these  amounts  of  work   decrease 
rapidly. 

If  friction  be  considered,  then 


j  =  <t>^  =  ^>V2^Z0, 


and  w%  ==  ^r  u\ ;    in   the   second   guide  ring  c{  =  <f>' c2  and  in  the 
second  rotating  wheel  w{  =  -tyw{  ;  similarly  c"  —  ft'  c{  and  w" 


Fig.  18 


=  ty"w",  (See  Fig.  18),  in  which  the  coefficients  ft  yjr ;  ft  yfr' ; 
ft'  yjr"  can  decrease  from  0.7  to  0.85  —  0.9,  as  mentioned  on  page 
18.     The  total  loss  per  pound  or  kilogram  of  steam  is  now 


+  KI-^i//I)  +  (w 


„.//«   _    ™,"2 


</2)    +^2] 


and  the  indicated  power 


-/-•  j  —  ■L'  n  -^-' . 


(2) 


(3) 


The   power  can  easily  be  determined  by  help  of   Formula  9, 
Article  9,  after  measuring  for  each  rotating  wheel  the  peripheral 
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component  of  the  absolute  entrance  and  exit  velocities  and  denoting 
them,  as  in  Fig.  18,  by  ce,  ca  ;  ce',  cj  ;  and  c" ,  c".  As  ce  and  ca 
are  opposite  in  direction,  we  have  for  the  first  rotating  wheel 


L(  =  -{fa  +  ce)  u 


and  for  all  three 


A  =      Va  +  ce  +  cj  +  cl  4-  c»  +  ee"]  u 


(4) 


In   Fig.   18  the  assumption  was  made  that  the  entrance  and 
exit  angles  in  the  rotating  and  guide  wheels  are  equal.     For  the 


0         1        2        3        4      500  meters 


\< Ca H 

Ce > 


Fig.  19. 


latter  wheels  these  angles  become  too  great.  To  correct  this, 
Fig.  19  was  constructed  with  the  assumption  that  the  exit  angles 
for  all  wheels  have  the  same  value,  =  a,  while  the  entrance  angles 
are  determined  by  the  velocities  wlt  w/,  w"  and  c2,  c2f,  respectively. 
The  expectation  that  the  power  is  largely  increased  by  the  much 
smaller  angle  is  not  fulfilled,  because  the  increase  of  efficiency 
according  to  the  correction  in  Fig.  19  results  only  to  about  5%. 
In  both  cases  it  is  questionable  whether  the  gain  of  power  in  the 
last  rotating  wheel  is  not  absorbed  by  the  increased  work  of  fan 
resistance. 
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DETERMINATION   OF   CROSS-SECTION. 

The  determination  of  cross-section  follows  from  the  assump- 
tion, that  in  the  wheels  the  specific  volume  v  remains  constant. 
The  nozzle  width  determines  the  length  of  the  first  rotating 
blades.  For  the  remainder  the  law  of  continuity  holds,  and  the 
axial  cross-section  had  best  be  constructed  as  if  there  were  full 
peripheral  admission.  If  we  omit  the  constant  v,  and  the  diam- 
eter which  is  the  same  for  all  wheels,  then  Formula  17,  Article 
8a,  becomes 

axwln  =  a2w2n  =  a0'c2n'  =  a'cln'  =  a{ wln'  =  a./  w2nf  =  a0"c2n' 
—  a    cln    —  aY    wln     —  a.>    w2n  . 

In  the  above  a^  and  a  refer  to  the  entrance  to  and  exit  from  the 
guide  wheels,  and  ax  and  a2  to  the  same  for  the  rotating  wheels, 
and  all  are  supposed  to  be  the  ideal  length  for  infinitely  thin 
blades.     Now 

d„  —  w 


In  ~    LUln> 


10. 


whence, 


'2n  ~  C2n> 

^2n     =  C2n 

a'  =  a{ , 

a"  =  a{' 

a§  =z  a2 , 

a>'=a.!. 

The  great  decrease  in  axial  velocities  due  to  friction  necessi- 
tates a  correspondingly  wider  channel.  This  is  especially  true  of 
the  velocity  diagrams  of  Fig.  19. 

b.  FEW    PRESSURE    STAGES,    EACH    WITH    A    VELOCITY 

STAGE. 

The  steam  leaving  the  first  rotating  wheel  is  led  by  the  guide 
ring  to  the  next  rotating  wheel  in  which  it  further  expands.  Ac- 
cording to  the  kind  of  peripheral  admission  (partial  or  full),  and 
according  to  the  direction  of  the  steam  path,  the  exit  velocity  from 
the  first  rotating  wheel  is  transposed  into  eddy  currents,  that  is, 
the  velocity  is  destroyed,  but  is  made  useful  for  the  second  guide 
wheel. 
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a.  ASSUME,    THAT    THE    EXIT    VELOCITY    FOR    THE    TIME 

IS    ENTIRELY    LOST. 

We  shall  neglect  the  change  in  thermal  condition  of  the  steam 
which  is  caused  by  the  loss  of  velocity  c2.  We  may  select  the 
pressure  steps  arbitrarily;  for  the  ideal  turbine  we  shall  prefer- 
ably so  select  these  steps  that  each  wheel  may  perform  an  equal 
amount  of  work.  To  accomplish  this,  divide  the  area  of  work 
done  (Fig.  20)  into  as  many  parts  as  there  are  to  be  steps.     For 


Abs. Pressure 
lbs.per\  sq-  in. 


7Adm\ssion  Pressure 


K/#n,  Condenser  Pressure 

1 ','"'"<"/,'/ 


cubic  ft  per  lb. 
Specific  Volumes 


Fig.  20. 

each  wheel  the  initial  and  final  pressures  are  now  determined. 
From  these  with  the  peripheral  velocity,  which  may  be  chosen  at 
will,  all  dimensions  may  be  calculated  as  with  the  simple  impulse 
turbine.  Practically  we  must  investigate  whether  or  not  the  total 
work  of  friction  could  be  so  decreased  by  varying  the  pressure 
stages  as  to  increase  the  effective  work,  even  with  a  resulting 
lower  indicated  efficiency.     This  problem  will  be  discussed  later. 

Assume  that  with  a  single  stage  turbine  having  a  peripheral 
velocity  u,  we  attain  an  indicated  efficiency  77,,  and  let  L0  be  the 
total  available  work,  that  is,  the  contents  of  the  area  Al  An  Bn  Bx 
in  Fig.  20.  The  theoretical  steam  velocity  at  exit  from  the  nozzle, 
with  one  stage  of  expansion,  is  as  before 


:1  =  V27T0 


(5) 
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If  now  L0  be  divided  into  z  equal  parts,  then  for  a  single  wheel 
the  available  work  is 

and  the  corresponding  velocity  is 

^.VSJZ?-  Jajh-J*    ....    (6«) 

V  «sr         V<sr 

that   is,   the  corresponditig  velocities  are   inversely  proportional  to 
the  square  root  of  the  number  of  stages. 

If  the  same  efficiency  is  desired  for  each  separate  wheel  of  a 
many  stage  turbine  as  for  a  single  stage  expansion,  then  the  peri- 
pheral velocity  should  decrease  in  the  same  ratio,  that  is, 


«'  =  ^ (6) 


The  loss  of  work  of  the  single  stage  turbine  was  theoretically 


L-£ (7) 


The  same  for  single  turbines  with  z  stages  is 
and  the  total  loss  is  z  times  as  great,  that  is, 


£/=£ (W) 


a 


therefore  identical  with  Lz.     If  we  take  into  account  the  change  of 
heat  consumption  and  the  friction  of  the  separate  wheels,  the  rela- 
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tions  are  considerably    changed.     The  specific  volumes   shown  in 

Fig.  20  serve  for  the  calculation 
&     $    $  of  the  cross-sections  for  the  indi- 

GMeWheel  yidual  stages    of    an    ^^    turbine> 

,  It  is  well  to  assume  at  first  full 
peripheral  admission.  If  we 
then    desire,    for    instance,    to 


'Guide  Wheet  double  the  length  of  the  too  short 
blades  of  any  certain  wheel,  we 
can  do  so  by  choosing  one-half 
peripheral  admission,  and 
so  on. 

/3.  —  Assuming,  that  guide  and 
rotating  wheels  follow  on  one 
another  closely,  so  that  tlie  entire  exit  velocity  c2  from  a  rotating 
wheel  A'  can  all  be  usefully  employed  in  tlie  ?iext  guide  wheel  B, 
Fig.  21.  The  number  and  divisions  of  pressure  stages  are  the 
same  as  before.  For  the  calculation  of  the  velocity  c{  at  exit  from 
the  guide  wheel  B  the  equation 


Fig.  21. 


r'2         r  2 

O =  -M) 


(8) 


still  holds  good  ;  but  it  will  be 


c/  =  yV+2^° 


(9) 


greater  than  in  the  previous  case.  From  c{  and  u  we  get  zv{, 
w2  and  c2  which  can  be  used  as  before  for  the  calculation  of  the 
next  following  c" ',  and  so  on  for  the  remaining  wheels.  This 
method  is  inconvenient  and  the  result  is  more  quickly  reached  if 
for  all  turbines  the  same  velocities,  cly  wly  w2,  c2,  and  u  are  given. 
Here  for  the  first  guide  wheel  a  somewhat  larger  drop  of  pressure 
is  necessary  in  order  that  the  steam  can  be  immediately  accelerated 
to  the  desired  velocity.  Fig.  7  can  be  used  as  the  velocity  diagram. 
The  steam  enters  the  guide  wheel  of  any  intermediate  turbine  with 
the  exit  velocity  c2  of  the  preceding  rotating  wheel  and  is  acceler- 
ated to  the  velocity  cx  ;  which  necessitates  an  expenditure  of  work 
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U  =  -1^i (10) 

In  the  rotating  wheel  of  an  ideal  turbine  no  losses  occur  ;  and  the 
steam  again  flows  away  with  the  velocity  c2.  Into  the  first  rotating 
wheel  the  steam  flows  with  a  negligible  velocity.  The  acceleration 
to  cx  absorbs,  therefore,  the  work 

r2  r2  —  r2         r2  r2 

If  in  all  there  are  z  turbines,  then  we  have 

If-L"  +  L'(*-l)=jrZ/  +  iL      .     .      .      (12) 

from  which  z  can  be  calculated.  The  velocities  are  to  be  so 
changed  that  z  becomes  a  whole  number.  If  we  subtract  from 
L0  the  value  c22  -f-  2g,  and  if  we  divide  the  remainder  in  z  equal 
parts,  then  the  division  lines  will  give  the  pressures  and  specific 
volumes  that  are  necessary  for  the  calculation  of  the  cross-sec- 
tions.    The  cross-sections  are  then  calculated  as  above. 

In  a  frictionless  turbine  the  lost  work  is  only  the  kinetic  energy 
of  the  exhaust  steam  from  the  last  wheel  ;  that  is, 

*-£ (13) 

which  is  very  much  smaller  than  case  a  (in  general  for  many  stage 
turbines  nearly  the  1  ■*■  z  part  of  the  former).  Hence  theoretically, 
the  previously  described  utilization  of  the  exit  velocity  c2  is  advan- 
tageous ;  but  it  must  be  mentioned  that  in  case  /3,  the  velocities 
of  flow  are  greater  throughout  than  in  case  a,  and  therefore  the 
friction  losses  in  the  channels  are  likewise  increased,  and  the 
theoretical  gain  is  decreased.  This  influence  can  therefore 
be  exactly  noted  only  in  connection  with  the  change  of  heat 
condition. 

The  friction  of  steam  in  tJie  blade  channels  can  approximately 
be  allowed  for,  if  we  consider  the  value  fZ0,  in  which  the  coeffi- 
cient of   resistance  f  =  about  0.25  to  0.40,  as  lost  at  the  start, 
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from  the  total  working  area  Z0.  The  increase  of  velocities  gives 
as  before  Lr,  and  in  place  of  equation  12  we  now  have 

(l-t)Z0  =  *£'  +  /„ (14) 

from  which,  with  the  same  Z0,  a  smaller  z  results.  After  /0  is  sub- 
tracted from  Z0  we  would  again  be  able  to  divide  the  remainder 
into  z  parts  in  order  to  get  the  pressures  and  steam  volumes  of  the 
individual  stages  ;  but  this  process  is  unreliable  because  the  resis- 
tances would  change  the  heat  conditions,  and  therefore  the  specific 
volumes  of  the  steam. 

We  can  proceed  similarly  if  the  turbine  is  divided  into  several 
groups,  each  with  a  constant  peripheral  velocity. 

C. FEW     PRESSURE     STAGES,     EACH     WITH    SEVERAL    VELOCITY 

STAGES. 

This  type  of  turbine  might  be  explained  by  a  combination  of 
the  discussed  cases  a  and  b.  It  is  known  that  Curtis  uses  such 
repeated  stages,  generally  with  2  to  3  pressure  stages,  and  each 
with  2  (formerly  also  3)  velocity  stages. 


11.  THE  MANY  STAGE  REACTION  TURBINE. 

These  turbines  are  built  only  with  full  peripheral  admission 
and  closely  succeeding  guide  and  rotating  wheels,  so  that  the  entire 
value  of  the  velocity  c2  is  made  available  for  the  next  following 
stage. 

The  simplest  case  is  a  turbine  with  equal  diameters,  and  hence 
with  constant  peripheral  velocity  for  all  wheels.  The  preliminary 
calculation  of  such  a  turbine  is  easiest  if  we  also  specify  cl,w1,w2, 
and  c2  equal  for  all  wheels,  as  for  instance,  according  to  Fig.  10 ; 
and  otherwise  proceed  in  a  similar  manner  as  with  the  many  stage 
impulse  turbine.  For  any  system  composed  of  guide  and  rotat- 
ing wheels  we  get  : 

For  the  work  in  the  guide  wheel  necessary  to  accelerate  the 
velocity  c2  (exit  velocity  from  the  preceding  rotating  wheel)  to  elf 
the  equation 


THE  MANY  STAGE  REACTION   TURBINE.  39 


Cy       —    C 


L{  =  ^r'' (1) 


in  the  rotating  wheel  for  acceleration  from  wx  to  w2,  the  work 
used  is 

,  __w22  -w,\ 


and  for  each  in  between  system  (guide  and  rotating  wheels), 

U  =Z/+  L{ (3) 

For  the  first  guide  wheel  the  velocity  is  to  be  increased  from 
the  existing  small  value  in  the  preceding  chamber  to  clf  and  we 
must  apply  the  work 

L"=£-> <*> 

in  the  first  rotating  wheel  L{  remains  in  both  together,  therefore 


r2  r  2          r 2 

=  Z/  +  Z/  +  |£  =  Z'  +  g: (5) 


The  entire  turbine  with  z  stages  consumes  the  work 

£.=*£» +  (s-l)L'  =  sL'+£L      .     .     .     .     (6) 


from  which  z  can  be  calculated.     We  shall  again  subtract 


&1- 


r  2 


from  Z0,  and  divide  the  remainder  in  z  equal  parts,  in  order  to  get 
the  pressures  and  the  specific  volumes  for  the  calculation  of  the 
cross-sections. 
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The  indicated  work  for  the  ideal  turbine  per  unit  weight  (pound 
or  kilogram)  of  steam  is 

A  =  X,-/0 (7) 

Friction  can  approximately  be  taken  into  account  as  with  the 
impulse  turbine. 

The  design  of  the  turbine  in  its  actual  constructive  form,  with 
many  gradations  of  peripheral  and  steam  velocities,  will  be  shown 
in  Article  29. 


12.   COMPARISON   OF   VELOCITIES   AND   THE   NUMBER    OF 
STAGES   IN   IMPULSE   AND   REACTION    TURBINES. 

For  the  single  stage  impulse  turbine  we  had 

cx  =  V27T0 (1) 

and  with  normal  exit  from  the  rotating  wheel 

u  —  \  c\  cos  a (2) 

For  the  single  stage  reaction  turbine  with  one-half  degree 
of  reaction  (Lx  =  ^  L0)  and  e0  =  0,  under  similar  conditions  we 
had 

"=\/Mh^i (8) 

and 

?/  =  c{  cos  a  =  u  V2 (4) 

That  is,  the  single  stage  reaction  turbine  works    with    about  1.4 
times  as  great  a  peripheral  velocity  as  the  impulse  turbine. 

For  the  many  stage  impulse  turbine,  according  to  system  J3, 
and  omitting  c22  -^  2g,  we  have 

'-£ <5> 
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We  shall  assume  for  simplicity  normal  exit  from  the  rotating 

wheel,  which  would  for  Fig.  7  bring  the  condition 


2  u  =  cx  cos  a (6) 

Then 

c?  —  e22  =  4  u2 


and  Formula  10,  Article  10^  gives 


c,   -e2  _  lut  m       „g^<s  m 


For  similar  axial  exit  for  the  many  stage  reaction  turbine  we 
have  (all  velocities  given  a  subscript)  and  with  the  further  sim- 
plification that 

a  =  a2>  c{  =  w2',  w{  =  c2f  t 


uf  =  c{  cos  a (8) 

Therefore 

*/*  =  */■-«", 

and  according  to  Formulae  1  and  2,  Article  8, 


therefore 

±j    —l^i    —1^2    —  o —  • 
^g 

From  which 


'-?-*& <*> 


If  we  make  u  =  u' ' ,  then 


—  T (10) 
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at  the  same  time  Formulae  6  and  8  give  with  equal  a  : 

that  is,  with  the  same  peripheral  velocity  the  impulse  turbine  has 
only  one-half  as  many  stages  as  the  reaction  motor,  still  the  steam 
velocities  are  about  twice  as  large. 

Let  at  another  time  z  —  zf,  then  follows  from  Formulae  7  and  9, 


u  —  -—      and     cx  =  c/  V2 , 

V2 


that  is,  with  the  same  number  of  stages  tJie  peripJieral  velocity  of 
the  impulse  turbine  is  about  1.4  times  as  small,  and  the  steam 
velocity  1.4  times  as  la?ge,  as  by  using  the  one-half  reaction  degree. 


B.  THE  RADIAL  TURBINES. 

The  radial  turbines  can,  in  the  first  approximation,  be  judged 
according  to  the  formulae  of  axial  steam  admission,  as  the  action  of 
centrifugal  force  is  negligible  with  the  generally  very  short  blades. 
Only  with  many  stage  turbines  can  this  effect  enter  into  the  prob- 
lem as  an  important  correction,  which  will  be  discussed  further  on. 


II. 

THEORY  OF   THE  STEAM  TURBINE 

THERMODYNAMICALLY 

CONSIDERED. 


A.   THE   STEADY  FLOW  OF   STEAM. 

13.    NOTATIONS   AND    DEFINITIONS. 

The  specific  heat  of  water  is,  according  to  Regnault, 

c  =  1  +  0.00004  t+  0.0000009  t2  .     .     .     .     (1) 

in  which  /  is  the  temperature  in  degrees  Centigrade.     Or 

c  =  1  +  0.000022  {t  -  32)  +  0.0000005  {t  -  32)2, 

when  t  is  the  temperature  in  degrees  Fahrenheit. 

To  heat  1  pound  (or  kilogram)  of  water  from  0°  to  f ',  we  need 
the  heat 

q  =    fcdt '.     .     .      (2) 

When  the  water  reaches  the  boiling  point  at  pressure  /  and 
temperature  /,  the  "  external  heat  of  vaporization  "  necessary  for 
total  vaporization  at  constant  pressure  is, 

r=  607  -0.708/ (3) 

in  the  French  units ; 

r=1092-  0.708  (/-  32) 

in  the  English  units. 

To  change  1  pound  (or  kilogram)  of  water  of  0°  temperature 
to  a  mixture   of  x  pounds  (or  kilograms)  of   steam,  and   ( 1  —  x) 

43 
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pounds  (or  kilograms)  of  water  of  the  temperature  f  at  a  constant 
kept  pressure,  requires  the  addition  of  the  heat 

\r  =  Q  +  xr (4) 

For  x  =  1  ;  in  French  units 

\  =  606.5  +  0.305  t (5) 

in  English  units 

X  =  1091.7  +  0.305  {t  -  32) 

With  complete  vaporization  at  constant  pressure  one  pound 
(or  kilogram)  of  steam,  increasing  its  volume  from  <r0  to  v'  =  cr  -f-  cr0 
performs  the  work 

p{v'  -*,)  =p<j (6) 

which  was  taken  from  the  heat  of  vaporization.  As  "internal 
energy "  of  the  steam,  there  remains  in  latent  form  the  heat 
quantity 

u  —  u0  =  \  —  Ap  <t  —  q  +  p (7) 

in  which  p  =  r  —  Ap  a  and  is  called  the  "  internal  heat  of  vaporiza- 
tion," and  u0  is  the  unknown  energy  of  the  water  at  0°  C.  With 
incomplete  vaporization  to  the  quality  of  steam  x,  we  have  per 
pound  (or  kilogram), 

u  —  Uq  =  q  +  xp (8) 

In  the  superheated  territory  we  take  the  specific  heat  at  constant 
pressure  and  constant  volume  cp  and  cv  as  unchanged ;  that  is 

^  =  0.48,         *,  =  0.369,         i=1.3     .     .     .     (9) 

in  spite  of  the  fact  that  late  observations  have  shown  without  doubt 
an  increase  with  rising  temperature.  As,  therefore,  the  obtained 
values  differ  very  greatly  from  one  another,  a  dependable  value  is 
impossible  at  this  time. 

As  condition  equation,  we  shall  choose  the  formula  derived  on 
page  3, 

p  (v  +  0.0084)  =  46.7  T  .     .     .     .     .     (10) 
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expressed  in  meter  kilogram  units,  or 

p(v  +  0.0084)  =85.1  T 

expressed  in  foot-pound  units. 

If    we  heat  superheated  steam  at  constant  volume,  then  the 
added  heat  increases  the  internal  energy ;  that  is, 


u-  u>  =cv(T-  T') 


(11) 


in  which  uf  and  T'  stand  for  the  condition  of  saturated  steam. 

To  change  1  pound  (or  kilogram)  of  water  at  0°C.  (32°  F.)  into 
superheated  steam  at  the  temperature  f  at  constant  pressure,  it  is 
necessary  to  add  the  heat 

X  =  q  +  r  +  c9  if  -  t>) (12) 

in  which  f  is  the  temperature  of  saturated  steam. 


14.     FUNDAMENTAL    EQUATIONS    OF    THERMODYNAMICS. 
ZEUNER'S    FORMULA. 

We  shall  take,  in  Fig.  22,  any  two  cross-sections  Ax  and  A2  of 
the  steam  flow  in  a  steady  working  turbine,  and  let  pl  and  p2  be  the 
existing  pressures  in  Ax  and  A2,  wx  and  w2  the  velocities,  ux  and  n2 
the  (internal)  energies  or  capacity  of  doing  work  per  pound  (or 
kilogram),  v1  and  v2  the  volumes  per  pound  (or  kilogram),  FY  and 
F2  the  cross-sections.  During  the  time  element  dt,  between  the 
places  AY  and  A2,  the  external  "  useful  "  work  G  E  dt  is  performed 
and  the  heat  quantity  G  Qs  dt  (through  conduction  and  radiation)  is 
carried  away  to  the  outside.  The 
cross-section  Ax  A2  moved  during 
this  time  to  Bx  B2,  and  a  steam 
mass  of  Gdt  pounds  (or  kilograms) 
flows  through  them.  The  total 
energy  of  the  enclosed  quantity  of 
steam  between  Ax  and  A2  at  the 
beginning  of  the  time  element  is 
found  again  in  the  total  energy  at 
the  end  of  the  time  element  and 
in  the  work  given  up  to  the  outside  as  well  as  in  the  heat  quantity 
carried  away.     The  total  energy  of  the  quantity  of  steam  enclosed 


Fig.  22. 
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between  A2  and  BY  is,  at  the  beginning  and  at  the  end,  equally 
large,  and  can  be  omitted  from  the  equation.  We  shall  add  to  the 
useful  work  that  amount  which  is  performed  by  the  surface  pres- 
sure in  the  moved  cross-sections  Al  and  A2,  either  positively  or 
negatively,  and  get,  neglecting  the  always  small  work  against  grav- 
ity due  to  the  existing  differences  of  heights,  the  equation 

G  dt  ux  4-  A  -  ^-  dt  =  A  GE  dt  +  G  Qs  dt  +  G  dt  u2 
g    2 

+  A  —  ^-  dt  +  A  Fo/>„  w2  dt—A  Fxpx  wx  dt, 

g    2 

in  which  A  =  -~^  of  the  mechanical  equivalent  of  heat,  and  g 
stands  for  the  acceleration  due  to  gravity.     If  we  take  care  that 


G  = 


FY  wx      F2  w2 


and  substituting  for  FY  wx  and  F2  w2  in  these  equations,  we  get 


■) 


[«,  +Ap1  »J  -  [«2  +  Aj>2vi]=AE+  Q,  +a\%±-%L].     (1) 

I    /  <r  /  <r 

The  steam  can,  at  Ax  and  A2,  be  in  the  wet,  saturated  or  super- 
heated condition  ;  in  all  cases 

\  =  u  +  Apv, 

is  the  heat  which  1  pound  (or  kilogram)  of  water  at  0°  C.  tempera- 
ture must  have  brought  to  it  to  change  it  at  constant  pressure/ 
into  steam  at  condition  /  v.  If  this  steam  is  just  dry  "  saturated," 
then  A  would  correspond  with  the  total  heat  of  vaporization  in  the 
formula  of  Zeuner,  if  we  neglect,  what  is  allowable  in  all  steam 
turbine  problems,  the  specific  volume  of  water  as  compared  to  that 
of  saturated  steam. 

For  moist  steam,  if  we  denote  with  a  the  increase  of  volume  of 
saturated  steam,  the  following  approximately  holds  good  : 

\=n-\-Ap.vcr  —  q-\-xp-\-Apxa  =  g-\-xr     .      (la) 

For  superheated  steam  we  write 

Ap  7'  =  Ap  (v  —  vf)  +  Apvf, 
and  get 

u  +  Apv  =  uf  +cv(T-  T')  +  Ap  (v  -  z/)  +Ap  v'y 
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in  which  the  letters  with  primes  refer  to  the  limit  curve  or  curve 
of  constant  steam  weight.     From  the  condition  equation  follows 

Ap(y-  -J)  =AR{T-T)  =  (c,  -  c.)  (T  -  T>) 
and 

ti  +  A  p  v'  is  also  equal  to  q  -f  r, 

so  that  finally 

\=u  +  Apv  =  q  +  r  +  cp(T'  -  T)   .     .     .      (la) 

which  also  satisfies,  in  fact,  the  above  definition  for  superheated 
steam. 

The  value  X  we  shall  call,  as  Mollier  has  done,  the  heat  con- 
tents per  pound  {or  kilogram)  at  constant  pressure;  also,  sometimes 
the  total  heat  of  steam. 

The  fundamental  law  is  then, 

Xl-\i  =  AE+Q,  +  A]^-^    .     .     .     (lb) 
or  in  words  : 

The  decrease  of  the  heat  contents  is  equal  to  the  heat  value  of 
the  gained  "useful  work"  plus  the  heat  carried  away  to  the  outside 
plus  the  increase  of  kinetic  energy  per  pound  {or  kilogram)  of 
steam* 

If  steam  flow  takes  place  without  heat  loss  and  without  giving 
up  useful  work,  we  get 

g-iHft-y <2> 

or  in  words  :  The  increase  of  flow  energy  is,  with  adiabatic  flow 
without  doing  work,  equal  to  the  work  of  the  decrease  of  heat 
contents  per  pound  (or  kilogram)  of  steam. 

Equation  2  becomes  (approximately)  applicable  for  the  flow  in 
a  nozzle  and  a  single  guide  wheel  or  rotating  wheel  channel. 

The  second  fundamental  formula  is  obtained  when  we  apply  the 
energy  equation  to  the  quantity  of  steam  in  an  infinitely  small  volume 
element  of  the  steam  stream,  that  is,  on  the  relative  movement  of 


*  Formula  \b  was  first  derived  by  Zeuner ;  and  we  in  technical  literature  must 
thank  Prof.  Mollier  for  the  very  useful  introduction  of  Gibbs'  "  Heat  function  for 
constant  pressure,"  X.     Mollier  gave  it  the  term  "  heat  contents." 
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its  mass  particles  towards  the  center  of  gravity  of  the  element.  We 
must,  to  accomplish  this,  imagine  the  so-called  rejuvenating  forces 
of  the  relative  motion  (centrifugal  forces,  etc.)  acting  upon  the 
mass  particles,  but  the  center  of  gravity  remaining  at  rest.  The 
internal  energy  experiences  in  a  time  element  the  increase  dG .  du, 
the  work  of  the  surface  forces  is  —  dG p  dv,  corresponding  to  the 
expansion  dG  .  dv  of  the  element.  The  additional  forces  mentioned 
do  not  assist  the  work,  because  the  center  of  gravity  remains  in 
relative  rest.  The  increase  of  kinetic  energy  (for  the  movement 
relative  to  the  center  of  gravity)  is  of  the  infinitely  small  higher 
order  and  can  be  omitted.  The  added  heat  consists  of  dQ,  which 
was  taken  from  the  surrounding,  and  the  value  dR,  which  appears 
as  heat  caused  by  the  change  of  the  friction  work  against  the 
walls,  or  by  the  inner  eddy  current  work.  (See  the  unusually  clear 
demonstration  by  Grashof,  Theoret.  Maschinenlehre,  Vol.  I,  p. 
61).  If  we  use  the  law  of  energy  somewhat  in  the  form  :  The 
added  heat  serves  to  increase  the  internal  energy  and  to  overcome 
the  surface  forces,  we  would  get 


dQ  +  dR  =  du  +  Ap  dv 


(3) 


If  dQ  =  0  as  well  as  dR  =  0,  then  the  steam  goes  through  a 
frictionless  adiabatic  change  of  condition.  If  only  dQ  =  0,  then 
there  will  be  no  heat  added  from  the  outside,  but  the  change  of 
condition  is  nevertheless  not,  as  in  the  former  sense,  adiabatic. 


14a.     THE   WORK  OF    FRICTION   AND   THE   LOSS   OF 
KINETIC   ENERGY. 

Let  us  now  consider  an  adiabatic  flow  without  resistance,  with 
the  initial  condition pxz\  and  the  final  condition  p2  v./,  Fig.  23.      Let 

the   final   velocity   be  w2,  the   heat 
contents   X/;   these  values    are 
lated  according  to  the  formula 


re- 


w2 

~9~ 


>  -l 


e+i(Xi 


V). 


Fig.  23. 


With  this  we  shall  compare  a  flow 
with  the  same  initial  condition,  but 
experiencing  resistances  which,  with 
the  same  final  pressure  p2,  will  give 
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a  different  volume  v2,  a  different  and  smaller  velocity  w2,  and  a 
different   steam  contents  \2,  for  which  the  formula 

2^=2,  +  ^-^ 


holds  good.      77/^  /aw  of  kinetic  energy  —.,  which  alone  is  of  im- 


1z=^-^=I(x2-V), 


A           2g       2g      A 
or  Z  =  X,-  \.; (4) 

that  is,  the  heat  value  of  the  loss  of  energy  {Z)  is  that  quantity 
£>f  heat  necessary  to  cJiange  one  pound  {or  kilogram)  of  steam  from 
the  final  condition  of  frictionless  adiabatic  expansion  into  the  actual 
final  condition. 

Equation  3  can  also  be  written  in  the  form 

dQ  +  dR  =  du  +  Adpv  —  Avdp  =  d\  —  Avdp  .      (3a) 

If  dQ  =  0,  and  dR  =  0,  that  is,  the  flow  is  without  resistance, 
then  the  integration  between  Al  and  A.J  gives 


f  A  v'  dp, 

in  which  v'  is  a  corresponding  volume  to  />  on  the  curve  AXA! . 
When  dQ  =  0    but    dR  >  0,  then 


A' 


=  \2  —  \l—  I   Av  dp, 


in  which  v  refers  to  AlA2i  that  is,  the  actual  expansion  line.     After 
subtracting  we  have 

R=\s  —  \t'—A\fvdp—f    v'dp\, 

or  if  the  integration   order  is  reversed  to  get  rid  of  the  negative 
sign, 

R 


X2  -  V  +  A  f  {v  -  if)  dp. 


2 

Referring  to  Fig.  23,  it  follows  : 
R  =  Z  +  heat  value  of  the  work-area  A Y  A2A2'    .     .     .      (3£) 
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that  is,  R  and  Z  are  not  at  all  identical ;  but  rather  the  effective 
loss  of  kinetic  energy  compared  to  the  frictionless  adiabatic  ex- 
pansion is  the  contents  of  the  work-area  AlA2A2f  less  than  the 
value  of  the  work  of  friction  {and  eddy  currents).  These  phe- 
nomena can  be  explained  by  the  fact  that  the  work  of  friction  is 
always  immediately  changed  into  heat,  and  for  this  reason  can  still 
give  in  the  following  time  element  an  addition  to  the  useful  work. 
From  equation  3a  in  combination  with  equation  1,  taking  E  =  0 
and  Qs  =  0,  results  the  known  formula, 


->*-*&-£)  — Afr*-*- 


m 


which  expresses    the  generalization  of    the    formula  of  de  Saint- 
Venant. 


15.  THE  ENTROPY  TABLE. 

In  order  to  simplify  the  calculations  of  the  change  of  condition 
of  steam  in  the  turbine,  the  entropy  of  steam  is  drawn  in  the  well- 


a{a£ 


Ac  Di        Dz 

Entropy »■ 

Fig.   24. 

known  manner  in  Table  I  as  a  function  of  the  absolute  tempera- 
ture, and  calculated  for  the  superheated  territory  with  the  constant 
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value  cp  —  0.48  of  the  specific  heat  for  constant  pressure.  The 
table  is  made  more  complete  by  adding  the  lines  v  =  constant  and 
A  =  constant,  so  that  any  condition  given  in  terms  of  p  and  x  or 
by/  and  T,  the  entropy,  the  volumes  and  the  heat  of  steam  can 
immediately  be  read.  The  line  v  =  constant  shows  at  the  limit 
curve  or  curve  of  constant  steam  weight  a  break,  because  the  values 
which  were  until  now  considered  reliable  do  not  agree  with  the 
values  of  Tumlirz-Battelli,  which  were  used  in  the  superheated 
territory,  and  it  appeared  advisable  without  making  any  correction 
experiments  to  let  this  difference  simply  stand  as  it  is. 

In  the  entropy  table  the  entire  changes  of  condition  of  the 
flowing  steam,  but  especially  the  ''heat  of  friction"  R  and  the 
"  heat  loss  "  Z,  can  now  be  represented  as  follows,  Fig.  24. 

Let  the  initial  condition  in  the  superheated  territory  be  fixed  at 
AY ;  the  adiabatic  frictionless  expansion  to  the  prescribed  final 
pressure  p2  leads  to  the  point  A2,  which  lies  vertically  beneath 
Al9  while  the  true  final  condition  is  represented  by  A2.  Ac- 
cording to  our  explanation,  A0  represents  the  "normal  condi- 
tion," water  at  0°  C.  (32°  F.),  we  have 

A,j  ==  Area  A^  /i^r>x  u^Ay-^i    ^o  > 
\2  =      "     A0  A0B2C2A2A2   AQ , 

and  it  follows  from  what  has  been  said,  that  with  adiabatic 
(frictionless)  flow 

the  "available  "  steam  heat  at  \x—  X/  =  Area  B2BX  ClAlA2  C2B2i 
the  loss  of  kinetic  energy  (in  heat  measure)  for  the  true  change  of 
condition  Z  =  \2  —  \2   =  vertically  sectioned  a.reaA2A2A./,Alfr, 
the  actual  work  of  friction    (in  heat  measure)   R  =  slanting  sec- 
tioned area  AXA2A2" A{f  Ax. 

The  same  holds  good,  if  A  is  exchanged  with  D,  for  a  change  of 
condition  in  the  saturated  territory. 

With  this  representation  the  reader  should  become  well  ac- 
quainted, because  future  developments  depend  upon  it. 

In  order  to  calculate  the  velocity  in  A2,  we  take  it  from  the 
diagram,  on  whichever  of  the  curves  plotted  for  X2  =  constant,  A2 
is  situated  ;  the  difference  X2  —  \2  gives  the  increase  of  kinetic  en- 

1  zv? 

ergy,  therefore,  for  instance,  we  have  if  wl  equal  0,  the  value -. 

A  2g 
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16.    EXPERIMENTS   WITH    STEAM    IN   NOZZLES. 


THE   EXPERIMENTAL   APPARATUS. 

Fig.  25  consists  of  the  actual  nozzle  with  a  centrally  lo- 
cated thin  measuring  tube,  one  end 
of  which  is  closed,  the  other  con- 
nected with  a  manometer  or  vacuum 
gauge  ;  in  the  middle  the  tube  has 
a  1  to  1.5  mm.  (0.04  to  0.06  in.) 
diameter  hole  at  right  angles  to  the 
axis.  By  means  of  the  micrometer 
screw  this  tube  can  be  moved  in  one 
direction  or  the  other,  and  the  meas- 
uring opening  brought  to  any  position 
of  the  nozzle  axis.  We  also  find  along 
the  cone  nozzle,  holes  bored  at  right 
angles  to  the  wall  of  the  nozzle  ;  these 
are  also  connected  with  manometers. 


THE  MEASUREMENT  OF  PRESSURE. 

The  measurement  of  pressure  must 
be  tested  as  to  its  reliability,  for  as  can 
be  seen,  it  is  not  sufficient  to  place  a 
measuring  opening  tangentially  to  the 
flow  of  steam,  but  the  position  and  the 
condition  of  the  edges  of  the  opening 
may  be  responsible  for  a  disturbing 
effect.  There  were,  among  others,  two 
measuring  tubes  used  of  5  mm.  (0.2 
in.)  outside  diameter  which  had  in 
a  middle  thick  walled  part,  holes  about 
1.2  mm.  (0.047  in.)  diameter  drilled 
at  45°  to  the  axis  as  in  Fig.  26.  As 
was  to  be  expected,  a  whirl  devel- 
oped with  back  pressure  due  to  the 
sharp  corners  of  the  holes  as  shown 
by  a,  and  they  gave  on  this  account  a 


Fig.  25. 
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higher  pressure  reading  than  the  holes  as  shown  by  b.  It  can 
hardly  be  doubted  that  the  readings  of  a  were  as  much  higher  than 
the  true  existing  pressure  at  the  orifice  as  those  of  b  were  lower. 
The   intermediate  readings   of  the 

ordinary   (thin    walled)   tube,  with  ^X  steam  fiow 

holes  bored  normally,  could  not 
materially  differ  from  the  true  pres- 
sures. The  difference  between  the 
measured  pressures  of  the  tubes 
with  a  and  b  holes  was  within  the 
limits  of  the  vacuum  5  to  10  mm. 
(0.2  to  0.1  in.)  mercury  column, 
and    increased    at    about    2    to    3  pjp.   26 

atmospheres    absolute    (29    to    40 

lb.  per  sq.  in.  absolute)  to  0.15  kg.  per  sq.  cm.  (2.13  lb.  per  sq. 
in.),  and  with  higher  pressures  (and  correspondingly  smaller  steam 
velocities)  decreased  again.  Nearly  the  same  results  were  had  by 
the  introduction  of  sloping  holes  in  the  wall  of  the  wide  end  of 
the  nozzle.  These  figures  show  how  exact  the  following  reported 
experiments  were. 

THE   RESISTANCE   TO   FLOW. 

The  resistance  to  flow,  especially  the  loss  of  flow  energy  up  to 
any  certain  cross-section/^, ,  can  be  mathematically  found  with  the 
assumption  that  the  pressures  and  the  velocities  at  the  individual 
points  of  a  cross-section  are  of  sufficiently  little  varying  values,  to 
allow  the  introduction  of  an  average  value.    This  is  proved  so  far  as 
the  pressure  goes  for  the  case  of  unopposed  expansion  in  the  experi- 
ments on  the  nozzle  I  used,  in  which  the  observed  pressure  in  the 
centrally  located  tube  varied  only  slightly  from  the  observed  pres- 
sures at  the  walls  of  the  nozzle  at  the  points  where  holes  were  bored. 
Let px ,  tx ,  xx ,  be  the   pressure,    temperature,    quality  of  steam 
at  the  beginning  of  the  nozzle  (observed). 
px  be  the  observed  pressure  in  cross-section/^. 

G  be  the   steam  weight   flowing  through  in  pounds 

per  second  for  kilograms  per  second). 
Xj  be  the  total  heat  of  steam  at  the  beginning  of  the 

nozzle. 
wx  be  the  velocity  at  the  beginning  of  the  nozzle. 
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In  the  cross-section  fx  the  steam  is  wet,   with   the  unknown 
quality  of  steam  x: 

\x  =  q  +  xr (4) 

The  energy  equation  gives 


Af^=A^  +  x'~{q  +  xr)     ••••«) 


Equilibrium  requires 


f  iv  f  w 

G  =  — — -,  or  approximately  =  — — -       ...      (6) 
vr  no- 


where a-  is  the  difference  of  volume  of  1  pound  (or  kilogram)  of 
steam  from  1  pound  (or  kilogram)  of  water  under  similar  conditions. 
We  place  x  from  equation  6  in  equation  5  and  get 

'IH  £+<*-'>-&«■.•    ■  o 

from  which  wx  can  be  deduced.      wl  is  determined  by  the  initial 

conditions  and  by  G ;  the  value   ~—  gives  for  the  experiments  an 

unimportant  correction. 

From  equation  6  we  find 

fx™x 


X=~G^< 

and  finally 

K  =  g  +  x  r- 

Now  we  can  calculate  in  the  well-known  way  or  take  from  the 
entropy  table  the  quality  of  steam  x'  by  adiabatic  expansion 
from  the  initial  conditions  to  the  pressure/,.,  and  obtain 

XJ  =  q  -\-otfr. 

The  loss  of  energy  is  according  to  equation  4 
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Z=\ 


(x  —  x*)  r. 


We  show  in  Fig.  27  curves  of  pressure  in  the  investigated 
nozzle  with  adiabatic,  and  with  changes  of  condition  of  10%  and 
20%  energy  loss.  The  small  end  of  the  nozzle  was  somewhat 
irregular,  therefore  less  useful  for  measurements  with  high  pressure. 
The  observations  *  are  on  this  account  only  given  for  the  enlarged 
parts  and  correspond  to  the  initial  value  px  =  10.48  kg.  per  sq. 
cm.    (149   lb.    per    sq.    in.);    tx  =  198°    C.    (388.4°    F.),    that    is, 
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Fig.  27.     Fall  of  Pressure  in  the  Nozzle. 


©Holes  in  the  measuring  tube  sloping  against    the  stream  (pressure    readings  too 

large). 
#  Holes  in  the  measuring  tube  at  right  angles. 

G  Holes  in  the  measuring  tube  sloping  with  the  stream  (pressure  readings  too  small). 
©Pressure  at  the  rim  of  the  stream  (holes  at  right  angles). 
Curve       I :    Adiabatic  flow  without  resistance. 
"        II :    Plow  with  10%  energy  loss. 
"       III  :        "         "      20%      " 


*  In   these  and  the  following  experiments  I  was  assisted  by  Messrs.  Keller  and 
Merenda. 
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a  slight  superheating  to  do  away  with  the  doubt  that  moisture  ex- 
isted in  the  steam.  The  measuring  tube  had  a  diameter  of  5  mm. 
(0.2  in.),  and  the  outside  end  towards  the  place  where  the  steam 
entered  was  cooled  by  having  cold  water  poured  upon  it.  Still,  it 
may  have  expanded  more  or  less  during  the  course  of  the  experi- 
ment, so  that  we  find  here  a  further  source  of  error. 

An  intermediate  diameter  of  the  nozzle  can  be  represented  by  the 
formula 

d=  12.19+     L     mm., 
6.485 

where  L  is  the  distance  of  the  cross-section  from  the  head  end  of 
the  nozzle  (in  mm.),  between  the  limits  L  =  60  and  160  mm.     Or 

d=0A8  +      L     in. 

-     6.485 

when  L  is  expressed  in  inches  between  the  limits  L  =  2.4  and  6.3 
in.  For  smaller  values  of  L  the  meridian  lines  were  not  true, 
straight  lines. 

The  steam  weight  flowing  through  per  second  was  G  =  0.153 
kg.  (0.34  lb.).  The  narrowest  part  of  the  nozzle  had  a  diameter 
of  12.5  mm.  (0.5  in.).  From  this  we  have  by  applying  Zeuner's 
formula  for  saturated  steam, 

G  =  199/  jp.  =  0.151  kg.  per  sec, 
or  in  English  units, 

G=  43.25/  v/^  =  0.33  lb.  per  sec. 

The  slight  superheating  causes,  therefore,  an  increase  of  the 
constant  factor ;  but  only  of  about  1.5  per  cent.,  while  Lewieki 
found  6  per  cent,  for  high  degree  of  superheating. 

To  represent  the  course  of  pressures  of  adiabatic  flow  without 
resistance,  we  calculate  at  any  pressure  px  the  quality  of  steam  x 
of  the  adiabatic  expansion,  the  heat  of  steam 

\J  =  q  +  xr, 


STEAM  IN  NOZZLES.  57 

and  we  get  with  the  initial  heat  of  steam  \i9  the  velocity  w  from 
the  formula 

lift 

by  omitting  the  very  small  initial  steam  velocity.  The  specific 
volume  z/is  very  nearly  x<r,  and  the  "continuity  equation  "  Gv=/w 
gives  the  cross-section  /,  from  which  the  corresponding  distance 
along  the  nozzle  axis  (taking  into  account  the  cross-section  of  the 
measuring  tube)  can  be  found. 

In  order  to  represent  the  change  of  pressure  when,  for  instance, 
f  per  cent,  is  taken  as  energy  loss,  we  calculate  as  above.  The 
quality  of  steam  increases  for  the  intermediate  pressure  px  the  value 

A^=r(x,-x/) 

r 

so  that 

x^  =  x  4-  A  x, 

and  the  velocity  is  taken  from  the  equation 

^2  =  (i  -  o  (x,  -  v)- 

So  we  get  for  the  nozzle  used  the  following  values  :  —  * 

I.     ADIABATIC    FLOW    WITHOUT    RESISTANCE. 

In  the  French  Units. 

Pressure px=           2  1.5  1  0.7    kg.  per  sq.  cm. 

Quality  of  Steam      .     .  x  =  0.9172  0.9025  0.8828  0.8668 

Velocity w  =    764.2  823.0  894.5  950.2   m. 

Distance  along  the  noz- 
zle axis Z  =      19.8  28.2  42.7  58.2    mm. 

Pressure px  =        0.5  0.3  0.2  0.1     kg.  per  sq.  cm. 

Quality  of  Steam      .     .  x  -  0.8532  0.8320  0.8175  0.7935 

Velocity w  =    997.2  1070  1111  1184   m. 

Distance  along  the  noz- 
zle axis L  =      75.9  107.6  140.0  209.0   mm. 

*  For  these  and  further  calculations  a  slide  rule  was  used ;  as  because  of  the  uncer- 
tainty of  the  steam  tables  it  was  useless  to  work  to  a  greater  degree  of  accuracy. 
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In  the  English  Units. 

Pressure /,  -    28.44  21.33  14.22  9.954    lb.  per  sq.  in. 

Quality  of  Steam      .     .  x  =  0.9172  0.9025  0.8828  0.8668 

Velocity w=     2507  2700  2935  3117   ft. 

Distance  along  the  noz- 
zle axis L  =    0.780  1.110  1.681  2.291    in. 

Pressure p*  =    7.110  4.206  2.844  1.422    lb.  per  sq.  in. 

Quality  of  Steam      .     .  x  =  0.8532  0.8320  0.8175  0.7935 

Velocity w  =      3272  3511  3645  3885   ft. 

Distance  along  the  noz- 
zle axis L  =    2.988  4.236  5.512  8.228   in. 


II.  FLOW  WITH  TEN  PER  CENT.  LOSS  OF  ENERGY. 

In  the  French  Units. 

Pressure px  =             1           0.7          0.5  0.3  0.2    kg.  per  sq.  cm 

Quality  of  Steam      .     .      .r  =  0.9007    0.8868    0.8750  0.8564  0.8438 

Velocity w  =    848.8       901.5      946.2  1010  1054    m. 

Distance  along  the  noz- 
zle axis L  =       46.6         63.2       81.7  115.6  149.0  mm. 

hi  the  English  Units. 

Pressure px  =    14.22       9.954     7.110  4.266  2.844   lb.  per  sq.  in. 

Quality  of  Steam      .     .      x  =  0.9007     0.8868  0.8750  0.8564  0.8438 

Velocity w  =     2785        2958      3105  3314  3458   ft. 

Distance  along  the  noz- 
zle axis    L=    1.835        2.488     3.217  4.552  5.867    in. 


III.     FLOW     WITH     TWENTY     PER  CENT.  LOSS     OF     ENERGY. 

In  the  French  Units. 

Pressure px  =             1          0.7  0.5  0.3  0.2     kg.  persq.cm. 

Quality  of  Steam     .     .       x  =  0.9186    0.9068  0.8968  0.8808  0.8701 

Velocity w  =    800.3      850.0  892.2  953.2  994.2    m. 

Distance  along  the  noz- 
zle axis Z  =       51.5        68.8  88.3  113.9  159.4   mm. 

In  the  English  Units. 

Pressure px  _     14.22      9.954  7.110  4.266  2.844     lb.  per  sq.  in. 

Quality  of  Steam      .    .     x  =  0.9186   0.9068  0.8968  0.8808  0.8701 

Velocity w  =     2(526       2789  2928  3127  3262   ft. 

Distance  along  the  noz- 
zle axis L  =     2.028     2.709  3.477  4.484  6.276  in. 


STEAM  IN    NOZZLES.  59 

The  experiments  gave  the  following  values  of  the  pressures  in 
the  observed  parts  of  the  nozzle : 


A.       MEASURING     TUBE     WITH     HOLES  SLOPING     AGAINST     THE     STREAM. 

In  the  French  Units. 
Distance  in  the 

nozzle  axis          L  =       51            54            57  60            64            69  mm. 

Pressure  .     .     .    px  =  0.945      0.922      0.857  0.804      0.728      0.654  kg.  per  sq.  cm. 

Distance  in  the 

nozzle  axis    .     L  =        74           84            94  106         114       125.5  mm. 

Pressure .     .     .    pm  =  0.599      0.530      0.462  0.355      0.337      0.306  kg.  per  sq.  cm. 

Distance  in  the 

nozzle  axis    .      L  =     129          134         144  153         156          164  mm. 

Pressure  .     .     .    /,  =  0.289      0.272      0.257  0.235      0.231      0.222  kg.  per.  sq.  cm. 

hi  the  English  Units. 
Distance  in  the 

nozzle  axis    .      L  =  2.008      2.126      2.244  2.363      2.520      2.716  in. 

Pressure.     .     .    px  =  13.44       13.11       12.19  11.44       10.35      9,445  lb.  per.  sq.  in. 

Distance  in  the 

nozzle  axis          L  =  2.913      3.308      3.701  4.174      4.489      4.941  in. 

Pressure  .     .     .    px  =  8.519      7.624      6.570  5.049      4.793      4.352  lb.  per  sq.  in. 

Distance  in  the 

nozzle  axis    .     L  =  5.079      5.276      5.670  6.024      6.142      6.457  in. 

Pressure.     .     .    ^  =  4.111      3.869      3.655  3.343      3.285      3.158  lb.  per  sq.  in. 

B.       NORMAL    MEASURING    TUBE    WITH    HOLES    AT    RIGHT    ANGLES    TO 

THE    AXIS. 

In  the  French  Units. 
Distance  in  the 

nozzle  axis    .      L  =    56.7           63           74  84            94       105.5  mm. 

Pressure  .     .     .    px=  0.797      0.708      0.558  0.501      0.428      0.348  kg.  per  sq.  cm. 

Distance  in  the 

nozzle  axis    .      L  =      114      125.5         134  144         153         159  mm. 

Pressure  .     .     .    px  =  0.312      0.278      0.248  0.223      0.202      0.196  kg.  per  sq.  cm. 

In  the  English  Units. 
Distance  in  the 

nozzle  axis    .     L  =  2.233      2.480      2.913  3.308      3.701      4.154  in. 

Pressure  .     .     .    px  =  11.34       10.07      7.936  7.125      6.087      4.950  lb.  per  sq.  in. 

Distance  in  the 

nozzle  axis    .      L  =  4.489      4.941      5.276  5.670      6.024      5.260  in. 

Pressure  .     .     .    /,  =  4.438      3.954      3.528  3.172      2.873      2.788  lb.  per  sq.  in. 
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C        MEASURING    TUBE    WITH    HOLES    SLOPING    WITH    THE    STREAM. 

In  the  French  Units. 


Distance  in  the 
nozzle  axis    . 
Pressure  . 

Distance  in  the 

nozzle  axis    . 

Pressure  .     .     . 


Distance  in  the 

nozzle  axis    . 

Pressure  .     .     . 


L  =      52         56.7  72  92      105.5  112  mm. 

/*=  0.866-  0.791      0.560      0.424      0.347      0.311  kg.  per  sq.  cm. 

L  =     122  125.5       132        142       153       157        162  mm. 

/,  =  0.281  0.269    0.245    0.225    0.204    0.193    0.185  kg.  per  sq.  cm. 

In  the  English    Units. 

L  =  2.047      2.233      2.835      3.622      4.154      4.410  in. 
/«=  12.32      11.25      7.965      6.031      4.935      4.424  lb.  per  sq.  in. 


Distance  in  the 

nozzle  axis    .      L  =  4.804    4.941    5.198    5.591    6.024    6.182    6.378  in. 
Pressure  .     .     .    /.  =  3.997    3.826    3.485    3.200    2.901    2.745    2.631  lb.  per  sq.  in. 


Finally  the  pressures  at  the  rim  of    the  stream  measured  at 
holes  drilled  at  right  angles  in  the  nozzle  wall  were 


In  the  Distance 
Pressure      .     . 


/;/  the  French  Units. 


56.7 
0.742 


105.5 
0.349 


125.5 
0.272 


153  mm. 
0.202  kg.  per  sq.  cm. 


In  the  English  Units. 


In  the  Distance 
Pressure      .     . 


L  =  2.233 
px  -  10.55 


4.154 
4.964 


4.941 
3.869 


6.024  in. 

2.873  lb.  per  sq.  in. 


The  graphical  representation,  Fig.  27,  shows  that  the  observa- 
tions B  are  nearer  to  the  values  C  than  those  of  A  I  lean  to  the 
opinion  that  this  is  not  due  to  the  increase  of  suction  of  the  normal 
measuring  tube,  but  to  the  increase  of  back  pressure  due  to  the  too 
sharp  edges  of  the  tube  A  which  was  directed  against  the  stream. 
From  the  curves  we  can  see  that  the  loss  of  energy  at  about  one 
atmosphere  pressure  (14.7  lb.  per  sq.  in.  absolute)  had  reached 
about  10  per  cent.,  and  that  it  gradually  increases  to  nearly  20  per 
cent,  towards  the  end  of  the  nozzle  (with  L  —  160  mm.  [6.3  in.]). 
But  should  we  wish  to  consider  the  evidently  too  high  pressure 
readings  of  the  tube  A  as  correct,  then  the  energy  loss  would  be 
something  like  25  per  cent.,  which  would  mean  that  the  floiv  in  the 
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nozzle  is  accompanied  by  extraordinary  high  resistances,  and  this 
alone  would  be  proof  that  the  pressure  readings  of  A  are  too 
high. 

Here,  of  course,  we  must  note  that  the  steam  in  our  experiment 
expands  to  only  0.2  kg.  per  sq.  cm.  (2.84  lb.  per  sq.  in.)  and  that 
the  continuation  of  the  expansion  to  about  0.1  kg.  per  sq.  cm. 
(1.42  lb.  per  sq.  in.)  must  cause  additional  losses.  Still,  later 
experiments  lead  me  to  the  opinion,  that  the  total  loss  for  the 
investigated  nozzle  does  not  exceed  15  per  cent. 

Experiments  to  find  the  nozzle  resistance  were  also  conducted 
by  Delaporte  and  Lezvicki.  The  former  used  a  nozzle  of  6  to  9 
mm.  (0.24  to  0.35  in.)  diameter,  and  with  a  length  that  was 
estimated  from  a  sketch  to  be  about  50  mm.  (1.97  in.),  Delaporte 
states  in  "  Revue  de  Mecanique,"  May,  1902,  that  with  exit  into 
the  atmosphere  the  loss  of  kinetic  energy  can  be  fixed  at  5.2  per 
cent,  by  measuring  the  exerted  pressure  of  the  stream.  The  very 
small  length  of  the  pipe  in  conjunction  with  the  low-flow  velocity 
would  decrease  the  losses,  but  still  they  appear  somewhat  too 
small. 

Lczvickzs  experiments  in  the  Zeitschr.  d.  Ver.  deutsch.  Ing., 
1903,  p.  49,  are  made  under  similar  conditions.  The  pressure  ratio 
was  about  6.86,  the  nozzle  diameter  equalled  6.06  to  6.75  mm. 
(0.24  to  0.27  in.),  nozzle  length  about  30  mm.  (1.18  in.),  and  the 
ratio  of  exit  cross-section  to  the  narrowest  cross-section  1.62 
(therefore  somewhat  too  small).  The  results  with  slightly  super- 
heated steam  showed  a  mean  loss  of  energy  of  8%  ;  therefore 
more  than  with  Delaporte. 

If  we  wish  to  get  the  "  coefficients  of  resistance  "  as  we  do  in 
hydraulics,  we  must,  according  to  equation  3b  change  the  loss  of 
kinetic  energy  to  total  friction  work.  For  technical  problems, 
however,  only  the  former  has  any  significance,  and  it  is  advisable 
to  transpose  the  coefficients  of  resistance  to  this  loss  of  kinetic 
energy. 

This  is  approximately  for  a  cylindrical  tube 

Z^AK~ (8) 

d  Ig 

For  the  conical  nozzle  we  must  add  element  after  element,  and  place 
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instead  of   ~-  the  value  dl  -rr*,  as  we  are  dealing  with  the  area  of  a 

ring,  in  which  U  is  the  sum  of  the  circumference  of  the  nozzle  and 
the  measuring  tube,  and  F  the  area  of  the  ring.  A  graphical  in- 
tegration gives  for  £,  with  29.7  calories  as  total  loss  and  with  5  and 
160  mm.  (0.2  and  6.3  in.)  as  limits  for  /,  the  value 

f  =  0.039. 

The  nozzle  with  the  inner  measuring  tube,  taking  into  con- 
sideration friction,  would  be  equal  to  a  simple  cylindrical  tube  of 
about  17  mm.  (0.67  in.)  internal  diameter,  for  which,  according  to 
Darcy,  referring  to  the  actual  friction  work,  a  coefficient  of  friction 
f  =  0.049  would  be  given.  For  this  nozzle  also,  referring  to  the 
actual  friction  work  f ,  would  the  values  R  and  Z  be  proportionately 
greater.  The  above  comparison  now  shows  that  it  is  allowable  to 
consider  the  resistance  to  flow  in  the  diverging  nozzle  as  simple 
tube  friction.  So  long  as  a  free  expansion  is  possible,  there  is  no 
reason  for  assuming  any  particular  resistances  (such  as  shock  or 
eddy  currents,  etc.).  The  resistances  in  these  experiments  are 
probably  somewhat  too  large,  as  the  vacuum  in  the  jet  condenser 
used  was  about  0.43  kg.  per  sq.  cm.  (6.1  lb.  per  sq.  in.)  absolute; 
directly  behind  the  nozzle  the  pressure  increased  from  0.2  to  0.4 
atmospheres  (2.9  to  5.91b.  per  sq.  in.)  and  the  back  pressure  due  to 
this  increase  could  have  partly  influenced  the  pressure  at  the  nozzle 
end.* 

All  in  all,  we  will,  until  we  have  more  information,  calculate  for 


*  On  the  whole,  it  is  clear  that  the  calculation  with  a  constant  mean  condition  in 
a  cross-section  gives  only  a  first  approximation.  If  we  observe  a  stream  flowing  into 
the  open  air  we  will  note  a  lighter  outer  layer  and  a  clouded  milky  core,  which  shows 
that  at  the  rim  the  friction  of  the  wall  caused  a  temporary  superheating,  while  in  the 
undisturbed  interior  part  of  the  stream  the  adiabatic  expansion  goes  on  with  a  consid- 
erably higher  degree  of  condensation.  On  the  other  hand,  there  is  a  possibility  that 
in  the  limited  time  which  is  available  for  the  expansion  of  the  steam,  the  condensa- 
tion corresponding  to  the  drop  of  pressure  has  not  entirely  occurred,  that  is,  that  the 
steam  has  not  given  up  the  entire  latent  heat  that  we  calculate  it  should.  For  the 
outflow  of  hot  water  this  phenomenon  has  been  experimentally  proven  by  Prof. 
Knoblauch  of  Munich.  With  steam  this  deviation  could  only  be  minimum  because 
otherwise  the  exit  quantity  would  not  coincide  so  nearly  with  the  theoretical  values. 
Experiments  made  by  the  author,  by  introducing  a  mercury  thermometer  in  place  of 
the  measuring  tube,  also  gave  a  negative  result. 
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nozzles  with  small  divergence  and  less  than  50  mm.  (1.9T  in.) 
length  and  with  about  5  to  8  mm.  (0.2  to  0.3  in.)  diameter,  or 
with  nozzles  with  greater  divergence  and  of  100  to  150  mm.  (3.91 
to  5.91  in.)  length  and  with  diameters  at  the  narrowest  place  of 
from  6  to  10  mm.  (0.21  to  0.39  in.),  an  energy  loss  of  10  to 
15%.      The  decrease  of  velocity  is  about  half  as  great. 

THE   PRESSURE   AT    THE   RIM   OF   THE   STREAM. 

The  pressure  at  the  rim  of  the  stream  was  found  to  be  of  nearly 
the  same  value  as  the  corresponding  pressure  in  the  middle  of  the 
stream.  This  also  proves  that  the  stream,  in  a  nozzle  with  the  con- 
ical shape  of  wall  as  here  used,  does  not  lose  contact  with  the  wall. 
An  isolated  stream  could  penetrate  the  surrounding  steam  layers 
that  are  at  rest  only  with  immense  losses.  The  pressure  at  the  rim 
seems  to  be  slightly  lower  than  that  in  the  middle  of  the  stream 
and  would  therefore  point  to  the  probable  higher  pressure  in  the 
axis  ;  still  the  differences,  with  the  exception  of  the  point  L  =  56.7 
mm.  (2.23  in.),  are  too  small  to  decide  these  questions  with  cer- 
tainty. 

17.    ARTIFICIALLY   INCREASED    BACK-PRESSURE. 

THE   ACTION   OF   A   DIFFUSER. 

Through  partly  closing  a  valve  that  is  placed  between  a  nozzle 
and  a  condenser  we  can  produce  any  desired  back-pressure.  The 
hereby  resulting  pressures  are  shown  in  the  curves  in  Fig.  29.  We 
notice  that  the  pressure  first  follows  the  line  of  free  expansion,  and 
then  increases  according  to  the  value  of  the  back-pressure  in  more 
or  less  sudden  leaps.  At  some  places,  as  for  example  in  curve  E, 
the  increase  of  pressure  equals  li  atmospheres  (22  lb.  per 
sq.  in.)  in  a  tube  length  of  3  mm.  (0.12  in.).  I  see  in  these 
extraordinary  heavy  increases  of  pressure,  a  realization  of  the  theo- 
retically derived  "  Compression  Shock  "  of  von  Riemann  ;  *  because 
steam  particles  possessed  of  great  velocity  strike  against  a 
slower  moving  steam  mass  and  are  therefore  compressed  to  a  higher 
degree. 


*  Riemann-Weber.  —  The  partial  differential  equations  of  Mathematical  Physics, 
1901,  p.  469. 
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Such  compression  shocks  will  always  occur  when  the  nozzle 
has  a  greater  length ;  that  is,  a  larger  cross-section  divergence  than 
the  initial  and  the  final  pressures  demand. 

Especially  noticeable  are  the  wave-shaped  pressure  variations 
occurring  at   the   low  pressures   following  the    sudden    leap,  and 
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Figs.  28  and  29. 

which  are  to  be  considered  as  initial  acoustic  vibrations,  but  which 
are  soon  used  up  through  friction  (and  also  are  prevented  from 
spreading  by  the  conical  shape  of  the  nozzle).  This  will  be  more 
fully  discussed  later.  The  place  at  which  the  leap  occurs  varies 
very  easily  when  the   initial  conditions  (for  instance,  the  tempera- 
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ture)  receive  the  slightest  change  before  entering  the  nozzle  ;  and 
with  it  the  acoustic  waves  also  change,  as  is  shown  in  Curve  H. 
In  these  curves  we  only  wanted  their  shape  and  not  their  exit 
values,  so  we  did  not  try  to  maintain  any  exact  initial  temperature, 
and  variations  within  the  limits  of  194°  to  200°  C.  (381°  to  392°  F.) 
were  allowed.  In  Fig.  29  the  observations  were  made  with  meas- 
uring tubes  of  3  and  5  mm.  (0.12  and  0.2  in.)  diameters;  and 
for  this  reason  the  curves  do  not  all  entirely  join  the  constructed  ex- 
pansion line. 

THEORY   OF   STEAM    SHOCK. 

Let   C,  in  the  space  shown  in  Fig.  30,  be  a  stationary   shock 
plane.      From  the  right  hand  steam  is  flowing  against  it  with  a 
velocity  wl}  the  pressure  plf  and  the 
specific   weight    yx  ;    to    the    left   the 
corresponding  values  are  w2i  p2,  y2.        V///*A^f/////\W 
We  shall  assume  the  pipe  cylindrical ; 
but  for  infinitely  small  zones  of  shock 
the  following  will    nevertheless    also 
be  true  for  conical  pipes.      We  shall 
take  about  C  an   infinitely  small  ele- 
ment AYBX.      Riemanris  Theory  will 
be  applied  to  this  simple  case  as  fol- 
lows :   In  the  time  element  dt  the  cross-sections  AlBl  will  move  to 
A2B2;  the  increase  of  velocity  is,  according  to  the  law  of  propulsion, 


(fw2dt  ?*\  w2  -  (fwYdt  ^  wx  =  f(pl  -  A>)  dt; 


or 


zv22y2  -  wl2y1  =  g{px-p2)        .     .      .     .        (9) 

In  this   the   equation  of   the   law  of  continuity  for  unaccelerated 
bodies  holds  good, 

w1y1  =  w2y2        (10) 

and  the  equation  gives 
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V  7i  -  72       V7i/ 


W<i 


/Pi  ~  P 


Jfr-P*    m    /7i\ 
V  7i  -  72        W     J 


(11) 


From  this  it  would  seem  as  if  plf  p2,  yu  y2  could  be  arbitrarily- 
chosen,  and  the  occurrence  of  the  shock  depended  only  on  the  re- 
tardation of  the  velocities  w1,  w2. 

Lord  Rayleigh  *  has  denied  the  possibility  of  any  such  com- 
pression shocks,  basing  his  denial  on  the  following  considerations. 
He  writes 


wS  —  w 


vdp (12) 


or  with  Equation  10, 


If  we  take  wlf  px  as  given,  and  p2,  v2  as  variable,  and  if  we  ex- 
press the  latter  as  p  and  v,  we  get  by  differentiating  the  above 
equation, 

W\ldv=  -  gdp, 


W 


and  from  this 


nil- 

p  =  constant \v (13) 


This  is  the  law  which,  according  to  Rayleigh,  must  exist  between 
J)  and  v,  if  both  a  compression  shock  and  a  conservation  of  energy 
shall  exist.  As  this  law  does  not  correspond  to  the  facts,  Ray- 
leigh states  that  a  shock  could  not  actually  occur. 

Rayleigh  has  here  overlooked  that  the  exit  Equation  12  holds 
good  only  for  occurrences  without  internal  shock  losses  ;  but,  as 
the  steam  shock  naturally  demands  a  considerable  internal  loss  of 
kinetic  energy,  the  equation  used  must  be 


—  w 


=  _    /     vdp-R      .     .     .     .     (14), 


'g  uPi 


*  "  Theory  of  Sound,"  1896,  Vol.  II,  p.  32. 
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or  simplified 

^^  =  W2 (15) 

Equations  9,  10,  and  15  determine  then,  three  variables.  We 
have  then,  for  instance,  with  assumed  initial  conditions  of  plf  xl} 
wx  (and  the  help  of  p2,  x2)  w2i  from  which  are  obtained  X2  and  R) 
fully  determined  the  final  condition.  This  point  is  also  left 
unexplained  by  H.  Weber,*  and  we  could,  according  to  his  de- 
termination, say  that,  with  all  values  of  p19  X1?  wlf  which  satisfy 
Equations  9  and  10,  a  compression  shock  is  possible,  and  the  law 
of  energy  is  not  contradicted.  Actually,  the  conditions  after  the 
shock  are  entirely  determined  by  the  given  initial  conditions 
before  the  shock,  and  the  loss  of  kinetic  energy  is  also  fully 
determined. 

In  actual  calculation  we  would,  for  example,  assume  p2  for 
trial,  eliminate  x2  from  Equations  10  and  15,  calculate  w2  and 
substitute  in  Equation  9,  repeating  this  until  finally  the  latter  is 
correct. 

Examination  of  Fig.  29  also  shows  that  the  re-conversion  of 
the  assembled  flow  energy  of  the  steam  into  pressure  also  takes 
place  with  considerable  losses  where  there  is  no  actual  shock  but  a 
gradual  transposition.  If  we  compare  two  points  at  equal  pressures 
on  the  up  and  the  down  running  curves,  the  kinetic  energy  at  the 
latter  is  found  to  be  much  smaller  than  at  the  former. 

The  re-compression  of  the  entering  steam  particles  of  high 
velocity  when  conically  diverging  shows  the  same  occurrences  as 
that  which  takes  place  in  a  so-called  diffnser.  From  our  experi- 
ments we  see  that  a  diffuser  works  with  poor  efficiency,  and  that 
we  must  limit  ourselves  to  small  differences  of  pressures  (Curves 
A  to  D). 

From  Article  19  it  appears  to  follow  that  in  back  of  the  place 
of  shock  a  compression  occurs  very  much  like  the  adiabatic,  and 
from  this  assumption  we  could  derive  a  clear  calculation  of  the 
shock  curves,  f 


*  Pages  489  and  497. 

t    See  Prandth  and  Proell,  "  Additions  to  the  Theory  of  Steam  Flow."     Zeitschr. 
d.  Vereins  deutsch,  Ing.,  1904,  p.  348. 
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SMALL   PRESSURE  DIFFERENCES    BEFORE  AND  AFTER  PASSING 
THROUGH   THE   NOZZLE. 

Small  pressure  differences  before  and  after  passing  through  the 
nozzle  lead  to  an  interesting  phenomenon,  which  was  not  provided 
for  in  the  older  theory.  It  shows,  namely,  that  the  pressure  at  the 
narrowest  part  of  the  nozzle  drops  very  considerably  with  the 
slightest  drop  of  pressure  behind  the  nozzle,  and  does  not  in  any 
way  reach  the  value  of  the  back  pressure.*  The  nozzle  exerts,  to 
a  certain  degree,  a  strong  suction,  and  the  quantity  of  steam  flow- 
ing increases  exceedingly  fast,  as  the  following  table  shows  : 

In  French  Units. 

Pressure  in  front  of  the 

nozzle py  =  10.45        10.48        10.45        10.40  kg.  per  sq.  cm. 

Pressure  in  back  of  the 

nozzle pi  =  10.40        10.36        10.30  9.90  kg.  per  sq.  cm. 

Difference  of  pressure     .      p\  — pi=    0.05  0.12  0.15  0.50  kg.  per  sq.  cm. 

Pressure  at  the  narrow- 
est place     p9=    9.89  9.74  9.17  7.32  kg.  per  sq.  cm. 

Weight  of  steam  flowing 

through  per  second      .  G  =  0.073        0.109        0.113       0.152  kg.  per  sq.  cm. 

In  English  Units. 

Pressure  in  front  of  the 

nozzle p!  =  148.6  149       148.6      147.89  lb.  per  sq.  in. 

Pressure  in  back  of  the 

nozzle p2  =  147.89     147.32     146.47      140.78  lb.  per  sq.  in. 

Difference  of  pressure     .     px—p2=      0.71         1.68         2.13  7.11  lb.  per  sq.  in. 

Pressure  at  the  narrow- 
est place px=  140.64       138.5       130.4      103.09  lb.  per  sq.  in. 

Weight  of  steam  flowing 

through  per  second      .  G  =    1.03  1.55  1.6  2.16  lb.  per  sq.  in. 

It  can  be  seen  that,  by  aid  of  the  pressure  observations  at  the 
narrowest  place,  a  steam  meter  could  be  constructed  similar  to  the 
Venturi  water  meter.  An  experiment  in  the  laboratory  at  Zurich 
shows  a  steady  variation  of  pressure  reading,  and  it  should  be 
further  investigated  to  determine  whether  a  point  of  still  greater 
rest  cannot  be  found  by  changing  the  measuring  orifice. 

From  Zeimer  s  Formula  (Article  4,  Equation  22)  it  would  ap- 
pear, so  long  as  the  quantity  of  steam  flowing  through  is  equally  large 

*  This  same  observation  has  also  been  made  by  A.  Fliegner.  (See  Schweiz. 
Bauzeitung,  Vol.  XXXI,  Nos.  10  to  12.) 
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in  all  cross-sections,  that  the  pressure  at  the  narrowest  place  must 
always  reach  the  value  pm  =  0.57 px  (for  saturated  steam).  That 
this  is  not  so  is  explained  as  follows  :  If  through  a  nozzle  there  is 
steadily  flowing  at  one  time  G,  at  another  time  G'  pounds  (or 
kilograms)  of  steam,  then  for  flow  without  resistance  the  following 
relations  hold  : 


G=f4>p 


(16) 


cr=rwt) 


(16a) 


in  which  (/>  (p)  represents  Zeuner's  root  factor  in  the  above  men- 
tioned equation,  /and/'  are  the 
variable  cross-sections  correspond- 
ing to  p.  If  G'  is  smaller  than 
G,  then  with  equal  /,  f  must 
be  smaller  than/;  the  flow  then 
demands  a  narrower  nozzle  as 
shown  dotted  in  Fig.  31,  which 
agrees  with  the  true  nozzle  only  at 
the  entrance,  and  whose  narrow- 
est place  is  located  at  about  Cf . 
At  B',  before  C  has  been  reached, 
occurs  an  enlargement  which  de- 
creases the  velocity  and  intro- 
duces important  resistances. 
From  this  point  equation  16a 
does  not  hold  good,  and  herein  we  find  the  explanation  of  this 
interesting  apparent  contradiction. 


Fig.  31. 


18.    THE   INFLUENCE    OF    ENLARGEMENT   OF 
CROSS-SECTION. 

The  influence  of  a  cross-section  enlargement  was  investigated 
for  steam  flow  by  placing  the  wide  ends  of  two  nozzles  together. 
In  Fig.  32  the  line  A  shows  the  variations  of  pressure  in  the 
case  where  the  end  of  the  second  nozzle  has  the  same  cross- 
section  as  the  narrowest  cross-section  at  the  inflowing  side.     The 
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pressure  drops  at  entrance  in  the  narrowest  place  from  10.5  to 
about  6.5  kg.  per  sq.  cm.  absolute  (149.3  to  92.4  lb.  per  sq.  in. 
absolute),  and  rises  in  the  conical  enlargement  to  about  8  kg.  per  sq. 
cm.  (113.8  lb.  per  sq.  in.).  In  the  second  nozzle  the  pressure  again 
drops  towards  the  opening  and  beyond   it  quickly  to  the  vacuum 
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pressure.  We  now  change  the  second  nozzle  so  that  the  exit  ori- 
fice diameter  d2  =  10.8  mm.  (0.425  in.),  while  the  wide  end  re- 
mains unchanged  at  a  diameter  of  d3  =12.1  mm.  (0.48  in.)  and 
the  entrance  diameter  remained  at  dx  =  10.3  mm.  (0.406  in.). 
The  effect   of    these  dimensions  is  shown  by  the  line  B.      In  a 
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similar  way  the  lines  C  and  D  correspond  to  a  widening  of  the 
orifice  to  11.4  and  12.0  mm.  (0.449  in.  and  0.471  in. J  respectively. 
Finally,  the  second  nozzle  was  bored  cylindrical  to  12.1  mm. 
(0.48  in.)  diameter  and  gave  the  line  B,  in  which  the  pressure  at 
entrance  dropped  at  the  narrowest  place  to  about  5.5  kg.  per  sq. 
cm.  (78.2  lb.  per  sq.  in.),  and  from  there  on  to  the  end  of  the  coni- 
cal nozzle  it  dropped  further  to  about  3  kg.  per  sq.  cm.  (42.7  lb. 
per  sq.  in.).  In  the  cylindrical  pipe  we  get  the  seemingly  incon- 
sistent fact  that  the  pressure  does  not  drop  but  increases  more  than 
one  atmosphere  ;  and  only  at  about  10  mm.  (0.4  in.)  from  the  end 
of  the  tube  does  the  vacuum  make  itself  felt  and  starts  to  decrease 
the  pressure. 

Line  F  was  obtained  after  the  rounded  off  entrance  at  dx  had 
been  removed,  so  that  a  sharp  cornered  entrance  was  offered. 
This  caused  a  stream  contraction  at  entrance  which  we  shall  dis- 
cuss later.  The  result  is  a  sudden  drop  in  the  pressure  curve  and 
a  decrease  of  the  through  flowing  steam  volume  (because  of  the  de- 
crease of  the  narrowest  cross-section)  which  held  the  pressure  lower 
throughout.  The  increase  of  pressure  in  the  cylindrical  tube  is 
here  also  present.* 


19.    ISENTROPIC    LINES. 

An  investigation  into  the  laws  of  the  experimentally  found  phe- 
nomena is  made  easier  by  a  discussion  of  the  so-called  isentropic 
lines  as  below. f  We  shall  assume,  that  the  steam  expands  adia- 
batically  and  without  friction,  that  is,  with  constant  entropy  from 
the  initial  condition  Ax  to  the  final  pressure  corresponding  to  A2 
in  Fig.  34,  in  which  the  coordinates  are  entropy  and  absolute 
temperature.  By  means  of  the  process  already  given,  we  find, 
as  in  Fig.  4,  for  the  exhaust  velocity  zi\  =  0  the  cross-section  fx  that 


*  The  irregularities  at  the  beginning  of  the  lines  B  to  E  are  caused  by  the  slight 
porosity  of  the  casting  at  the  place  in  question,  that  is,  caused  by  the  influence  of 
the  friction  coefficient. 

t  The  suggestion  for  the  construction  of  the  isentropic  curves  is  due  to  Profes- 
sor Prandtl  of  Hanover.  These  are  better  for  the  investigation  of  the  true  condition 
changes  than  the  lines  of  constant  loss  of  kinetic  energy,  shown  in  Fig.  27,  because 
they  hold  good  as  well  for  compression  as  for  expansion  in  the  nozzle. 
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p^-constant 


Entropy 

Fig.  34. 


is  necessary,  for  instance,  per  one  pound  (or  kilogram)  of  steam  at 
the  pressure  j>x. 

We  shall  now  imagine  that  the  steam  before  entrance  into  the 
nozzle  is  brought  to  the  condition  Bl9  Fig.  34,  by  being  throttled 

to  a  lower  pressure.  The 
total  amount  of  heat  does  not 
change,  that  is,  B1  lies  on 
the  curve  \x  =  constant  that 
passes  through  Alf  but  the 
entropy  has  increased.  If 
the  steam  expands  from  here 
adiabatically  to  B2,  we  can, 
in  similar  manner,  find  a  new 
cross-section  as  function  of/, 
also  the  corresponding  curves 
to  Cl,Bl, etc.  Instead  of  one 
—  pound  (or  kilogram)  of  steam, 
we  shall  now  take  the  actual 
quantity  of  steam  flowing 
through  the  nozzle  per  second 
as  unity,  and  instead  of  the  cross-section,  we  take  the  distance  of  this 
cross-section  from  a  fixed  point  in  the  axis  of  the  nozzle.  In  this  way 
we  get  the  curves  I,  II,  III.  .  .  .  in  Fig.  34#,  which  give  for  every 
point  in  the  nozzle  axis  two  possible  pressures.  A  frictionless  flow 
would  be  reversible,  that  is,  the  steam  could  as  well  flow  through 
the  nozzle,  expanding  or  compressing.  The  upper  parts  of  the 
isentropic  curves  correspond  to  compressed  steam  and  low  veloci- 
ties, the  lower  parts  to  a  condition  of  strong  expansion  and  greater 
velocities.  But  the  true  flow  always  takes  place  with  an  increase 
of  the  entropy  (see  Table),  and  therefore  the  true  condition  curve, 
whether  descending  or  ascending,  must  cut  the  adiabatics  in  the 
order  I,  II,  III.  .  .  .  In  order  to  prove  this  absolutely  we  have 
placed  in  the  figure  the  curves  of  Fig.  28  dotted  and  we  find, 
for  instance,  at  curve  D,  a  nice  agreement  with  the  adiabatic  dur- 
ing the  increase  of  pressure  in  the  conical  enlargement.  With  all 
curves  we  prove,  that  during  the  period  of  actual  steam  shock  sev- 
eral isentropics  are  crossed,  thus  proving  that  large  shock  losses 
occur  here.  Further  on,  the  lines  F,  G,  and  H  show  a  too  steep 
ascent,  which,  on  the  one  hand,  can  be  accounted  for  in  the  varia- 
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tion  of  the  superheating  of  the  steam  during  the  experiment,  because, 
as  mentioned  before,  we  were  more  concerned  as  to  the  qualitative. 
Under  certain  conditions,  the  carrying  over  of  heat  from  the  nozzle 
to  the  slow-flowing   steam  plays  a  part.      From  all  curves  we  see 
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Fig.   34^. 

clearly  that  the  main  part  of  the  resistance  occurs  during  the  pe- 
riod of  steam  shock,  and  with  quiet  flow  the  retransposition  of 
velocity  into  pressure  causes  much  smaller  losses.  The  analogy 
with  the  Bidon  "  water  jump  "  is  evident. 


20.   METHOD    OF    CALCULATION. 

As  can  easily  be  seen,  we  have  to  do  without  a  general  in- 
tegration of  the  equations  of  motion,  and  nothing  else  remains 
but  to  confine  ourselves  to  an  investigation  of  an  elementary 
occurrence. 

If  we  apply  "the  equation  of  kinetic  energy,"  that  is,  equation 
2>c,  to  an  infinitely  short  division  of  the  nozzle,  we  have 
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wdw  .  dR  ,._ 

——=-vdp-— (17) 

The  elementary  work  of  friction  we  express  as  in  hydraulical 
resistances,  by  the  equation 

dR       o  dz    w2  ,H  n  s 

T  =  CI72g {lta) 

in  which  £r  is  the  assumed  constant  coefficient  of  resistance,  r  the 
radius,  and  dz  the  elementary  axial  length  of  the  nozzle.  From 
equation  2,  which  refers  in  like  manner  to  an  element,  we  get 

^=-dX (18) 

g 

and  the  "  law  of  continuity  "  gives 

Gv=fw (19) 

From  these  equations,  by  eliminating  from  dm  and  dv  the 
value  of  the  differential  quotients  dp  -*-  dz  at  their  instantaneous 
values,  we  can  determine  the  remaining  variables  and  so  at  least 
gain  some  idea  of  the  fall  or  rise  of  a  pressure  line.  If  we  carry 
out  the  calculation,  the  expression  would  not  yield  any  more  com- 
prehensive results,  but  it  is  possible  by  means  of  an  approximate 
assumption  to  simplify  the  investigation  of  the  changes  of  condi- 
tion.    This  can  be  accomplished  with  the  assumption  of  the  law 

pv*  =  constant (20) 

or  also 

(p  +  a)  vk  =  constant (20a) 

from  which  we  are  certain,  that  for  small  intervals  the  curve  rep- 
resenting the  change  of  condition  will  agree  with  the  true  curve. 
Equation  20  contains  two  constants  ;  we  can,  therefore,  allow  a 
point  and  the  tangent  at  that  point  to  correspond  with  the  true  con- 
dition curve.  In  equation  20^  we  deal  with  three  constants  ;  we 
can  therefore  let  a  point,  the  corresponding  tangent,  and  its  radius 
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of  curvature  be  equal.  Both  approximations  do  not  hold  good  for 
places  of  instability ;  for  instance,  at  apexes.  On  this  account 
equation  18  becomes  superfluous ;  and  we  can  differentiate  equa- 
tions 19  and  20  or  20#  ;  from  these,  and  from  equation  17  we 
can  eliminate  dv  and  dzv,  from  which  is  shown  that  we  can  intro- 
duce into  the  formulae  the  expression  for  acoustic  velocity  of  the 
steam  corresponding  to  the  condition  /,  v, 

™s  =  \lgkpv (21) 

We  get  for  the  change  of  pressure  in  the  direction  of  the  nozzle 
axis 

d4=r\  fdz,HkP (22> 

dz         [w  —  w/\     ± 

For  the  nozzle  with  circular  cross-section  without  the  internal 
measuring  tube,  the  numerator  takes  the  value,  with  r  as  radius,  of 


|_2  r      r  dzY 


dr 

or  we  have,  when  <$>  =  2  —  of  the  cone  angle  of  the  nozzle, 


(Sr-i<l>\w'kp (23) 

\w2  —  w/J     4  r 


dp  _  (Kr  —  4<^  w2  k  p 

dz 


With  Formula  20a  we  would  only  have  to  replace  /  with 
O  +  a). 

The  pressure  rises  or  falls  in  relation  to  the  flow  accordingly 
as  the  value  of  dp  -f-  dz  is  positive  or  negative.  As  now  the  actual 
velocity  w  is  initially  nearly  equal  to  nothing,  but  later  reaches  or 
exceeds  ws,  we  have  an  initially  negative  denominator.  With 
rounded  away  entrance  dr  -*-  dz,  that  is,  "  the  conical  angle  "  <£>  is 
initially  negative,  therefore  the  numerator  is  positive.  If  at  the 
beginning  dp-r-dz  is  negative,  the  pressure  drops.  The  further 
course  of  the  pressure  depends  on  whether  and  how  soon  a  change  of 
signs   occurs.     For  the  line  A,  Fig.  33,  a  change  of  sign  occurs 
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first  in  the  numerator,  as  the  conical  divergence  makes  c/>  positive, 
and  the  numerator  negative.  Ihe  gradual  convergence  in  the 
second  nozzle  again  makes  <j>  negative  and  the  numerator  posi- 
tive, the    pressure    again  decreases. 

The  curious  combination  of  the  values  of  the  coefficients  of 
friction,  the  conical  angles,  and  the  true  and  acoustic  velocities, 
determines  therefore  the  rise  and  fall  of  the  pressure.  The  case 
in  which  w  gradually  increases  so  as  to  reach  and  exceed 
ws ,  is  especially  interesting,  because  dp  ■+■  dz  passes  through  the 
value  co  from  negative  to  positive,  and  therefore  an  apex  with  per- 
pendicular tangents  is  to  be  expected,  unless  at  this  same  time  a 
change  of  sign  occurs  in  the  numerator.  Still  we  must  note  that 
at  this  point  of  change  £r  as  well  as  k  varies  greatly,  so  that  for 
these  critical  points  our  equation  no  longer  fully  holds. 

Referring  especially  to  the  cylindrical  tube,  <f>  would  equal  0, 
and  the  sign  would  depend  only  upon  the  denominator.  We  can, 
therefore,  say  :  ///  a  cylindrical  tube  the  pressure  referring  to  the 
flow  (not  depending  upon  the  value  of  the  back  pressure)  increases  or 
decreases  accordingly  as  the  actual  steam  velocity  is  larger  or 
smaller  than  tJie  acoustic  velocity :* 


*  It  is  evident  that  an  integration  of  the  equations  of  motion,  if  that  were  generally 
possible,  and  if  the  laws  of  resistances  were  accurately  known,  must  give  the  same 
representation  of  the  variation  of  pressures.  Practically  useful  results  are  obtained  for 
the  cylindrical  tube  with  the  assumption  that  f  r  is  constant.  This  case  Gzashof  has 
solved  in  his  Theoret.  Machinenlehre,  Vol.  I,  p.  658,  also  with  the  assumption  of  the 
law. 

/  vh  =  C. 
This  calculation  gives  with  comparative  ease  the  simplified  equation 

log£-aMS-l)  =  /3z (24) 

in  which  is  to  be  placed 

and  pQ,  w0,  are  the  pressure  and  velocity  at  entrance  (z  =  0) ;  wso  stands  for  the  acoustic 
velocity  for  the  existing  conditions  at  entrance.  If  Grashof  had  undertaken  a  dis- 
cussion of  his  equation,  he  would  have  found  the  improbable  rise  of  pressure  for  the 
casea>l.  Because  of  the  probable  variability  of  £.  (as  internal  losses  also  occur 
with  the  compression),  equation  24  would  not  correctly  represent  the  entire  change  of 
pressure  in  the  latter  case,  as  in  fact  is  also  shown  by  a  comparison  of  the  observed 
lines. 
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With  equation  23  we  could  also  approximately  answer  the  ques- 
tion, how  a  nozzle  must  be  made  so  that,  with  expansion,  the  pres- 
sure will  remain  constant.     This  means  that  dp  =  0,  that  is 

*-H (28«) 

The   nozzle   would  simply  become  conical   with  the  given  conical 
angle,  provided  £r  be  constant. 

For  air  the  introduction  of  an  approximate  equation  is  superflu- 
ous, as  Lorenz  stated  in  his  noteworthy  article  in  the  Physikalischen 
Zeitschr.,  4th  year,  p.  333.  While  equations  17  and  17  a  remain 
unchanged,  we  must  introduce  in  equation  18  in  the  place  of  heat 
of  steam  X,  as  can  easily  be  seen,  the  value  cpT  -f  constant  and 
obtain 


w  dw  lrr^  k 

k 


CpdT=-x ,d(pv)      .     .     .     (18a) 


in  which  k  =  cp  -s-  cv .  If  we  introduce  the  acoustic  velocity  which 
corresponds  to  adiabatic  change  of  condition  without  resistance, 
that  is,  the  value 

wk=  V&  g  pv (21a) 

we  get  from  the  equations  17,  17a,  ISa,  19,  with  the  abbreviations 


the  formula 


C  =  £,         *=—, \(k-V)  +1.     .     .     .      (216) 


dp  fdz  , 

-f  =  — —rkpw2 (22a) 

dz      w  —  wk"     r  v       J 


Lorenz  with  the  exact  Formula  22#,  affirms  our  law  that  when 


dp 
dz 
the  pressure  line  must  have  a  vertical  tangent,  provided  that  the 


the  acoustic  velocities  are  reached  -?  will  generally  =  oo;  that  is, 

dz 
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numerator  in  equation  22a  does  not  disappear.  From  his  further 
very  interesting  conclusions  the  following  is  here  given  : 

The  velocities  can  reacJi  a  maximum  in  general  only  with  de- 
creasing pressures ;  a?id  these  maximums  are  possible  only  within  a 
tube  of  increasing  cross-section. 

For  the  remaining  deductions  of  Lorenz  we  must  refer  to  the 
original  work.* 


21.    THE   NOZZLE    WITH  ELONGATED    ENTRANCE. 

The  nozzle  with  elongated  entrance,  Fig.  35,  constructed  by- 
laying  together  two  converging  nozzles,  is  to  be  used  to  bring  out 
more  clearly,  by  increasing  the  horizontal  scale,  the  occurrences 
that  take  pjace  at  the  narrowest  part  of  the  nozzle,  and  which, 
with  ordinary  nozzles,  occur  at  a  length  of  a  few  millimeters  from 
the  entrance.  Curve  A,  Fig.  36,  shows  the  change  of  pressure 
with  free  expansion ;  curve  B,  with  a  back  pressure  of  4  atm. 
absolute  (58.8  lb.  per  sq.  in.  abs.).  In  the  latter  case  the  com- 
pression shock  occurred  just  at  the  orifice,  and  showed  a  highly 
drawn-out  rise  of  pressure.  Curves  C,  D,  E,  and  F  are  drawn 
with  more  and  more  back  pressure.  The  most  singular  of  these 
experiments  are  the  waves  which  the  curves  show  at  the  place  of 
change  from  the  converging  to  the  diverging  nozzle.  Initially  the 
first  nozzle  was  about  0.1  mm.  (0.004  inch)  wider  at  its  narrow- 
est place  than  the  other  nozzle,  so  that  a  ridge  was  formed  which 
was  hardly  noticeable.  But  after  the  nozzles  were  brought  to  an 
equal  diameter  by  means  of  a  reamer,  the  waves  did  not  disappear. 
Only  after  polishing,  and  then  only  for  certain  degrees  of  super- 
heat, were  the  middle  waves  finally  gotten  rid  of,  while  they,  for 
other  degrees  of  superheat,  still  appeared.  This  phenomenon  is 
explained  by  a  change  of  sign  of  the  numerator  and  denomi- 
nator of  equation  23,  brought  about  by  the  quality  of  steam  and 
the  smoothness  of  the  walls  at  various  places  of  the  nozzle.  If 
the  pressure  curves  run  smooth,  then  the  change  occurs  in  one 
and  the  same  section  of  the  tube ;   in  all  others  are  the  places 


*  The  important  discussion  of  Prandtl  and  Proell,  mentioned  on  page  71,  cannot 
be  here  placed  into  the  text. 
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for  numerator  and  denominator  separate.  A  further  complication 
is  caused  by  the  steam  stream  in  the  middle  varying  from  those 
at  the  rim,  which  are  exposed  to  the  greatest  friction. 


Tom  250  zw  230  220210  200  130  180  170  160  150  no  rjo  120  no  *&  &o  so  7& 
<+.    "        Nozzle  Axis 


Figs.  35  and  36. 


22.   THE  CONTRACTION   OF   THE   STREAM. 


The  contraction  of  the  stream  at  the  entrance  occurs  always 
when  the  tube  entrance  has  sharp  edges,  and  can  be  seen  in  curve 
Fy  Fig.  33.  It  also  is  shown  in  the  curves  of  pressure  A  to  E  in 
Fig.  35,  but  is  especially  noticeable  with  a  cylindrical  tube  of 
12  mm.    (0.47  in.)    diameter    with    sharp  edges,  having  a    meas- 
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uring  tube  of  5  mm.  (0.2  in.)  diameter,  and  arranged  as  in  the 
experiment  shown  in   Fig.   25,  the    tube    being    used    instead    of 

the  nozzle.  In  Fig.  37a  is 
drawn  the  outline  of  the  stream, 
and  above  the  observed  pressure 
curve,  Fig.  37.  It  is  probable 
that  the  acoustic  velocity  has 
not  yet  been  reached  in  this 
territory,  therefore  the  denomi- 
nator of  Formula  23  remains 
negative.  The  numerator,  on 
the  other  hand,  has  without 
doubt  two  changes  of  signs.  It 
changes  at  A,  Fig.  37,  from 
positive  to  negative,  and  at  B 
again  to  positive.  A  as  well  as 
B,  therefore,  represent  zero 
points  of  the  numerator,  that 
is,  vertical  tangents  ;  but  at  A 
a  change  of  pressure  occurs 
suddenly,  as  the  velocity  may 
have  nearly  approached  the 
acoustic  velocity,  and  therefore 
the  denominator  shows  a  small 
value. 

dp 
The  Formula  -£-can  be  used 
dz 

for  the  calculation  of  the  friction  coefficients  fr  from  the  slope  of 
the  tangent  of  the  pressure  curve.  We  can,  in  each  case,  calcu- 
late the  experimental  value  of  G,  and  from  it  w;  and  if  w  is  known, 


JWW^ 


Figs.   37  and  37*. 


the  energy  losses  can  be  calculated  without  going  back  to 


dp 
dz 


23.    EXPERIMENTS   ON   THE   FLOW   OF   STEAM    FROM 

ORIFICES. 


The  orifices  had  a  bore  of  about  12  mm.  (0.47  in.),  and  were 
so  built  that  in  place  of  the  nozzle  in  the  measuring  apparatus, 
Fig.    25,   there    was    first    used    a  50  mm.    (1.97  in.)    diameter 
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entrance  pipe,  then  an  orifice  in  the  form  of  a  hole  in  a  bronze 
plate  of  20  mm.  (0.79  in.)  thickness,  and  finally  a  70  mm. 
(2.76  in.)  diameter  exit  tube,  while  the  connection  to  the  con- 
denser was  again  formed  by  tubes  of  50  mm.  (1.97  in.)  diame- 
ter. The  measuring  tube  had  a  diameter  of  5  mm.  (0.2  in.), 
and  had  holes  of  1.5  mm.  (0.06  in.)  diameter  at  right  angles  to 
its  outer  surface. 

Fig.  39  represents  the  change  of  pressure  when  an  orifice 
with  rounded  entrance  is  used,  as  shown  in  Fig.  38.  At  outflow 
into  a  vacuum  of  about  0.4  kg.  per  sq.  cm.  abs.  (5.69  lb.  per  sq. 
in.  abs.),  there  appears,  as  far  as  we  can  see,  a  periodic  variation 
of  the  condition  of  the  steam  ;  and  it  is  highly  probable  that, 
only  on  account  of  the  insufficient  length  of  the  measuring-tube 
it  was  not  possible  to  observe  the  re-occurrence  of  the  pres- 
sure variations.  The  very  next  curve  B,  at  about  1.3  atm.  (18.5 
lb.  per  sq.  in.)  absolute  back  pressure,  shows  plainly  the  regu- 
lar increase  and  decrease  of  pressure.  The  curves  C  and  D  pecu- 
liarly show  (in  spite  of  unchanged  condition  of  the  flow)  only  a 
very  slight  variation  period.  Exceedingly  violent  and  fully  regular 
are,  on  the  other  hand,  the  "dampened"  oscillations  that  are 
shown  in  curve  E ;  in  curve  F  they  decrease,  and  in  curve  G  they 
entirely  cease. 

Totally  similar  pressure  curves  are  obtained  with  the  conical 
orifice  as  shown  in  Fig.  40,  which  has  at  both  ends  sharp  edges. 
At  entrance  there  is  a  small  drop  which  cannot  be  represented  in 
Fig.  41 ;  at  exit  the  fall  of  pressure  is  still  more  regular  than  with 
the  rounded-off  orifice.  The  periodic  vibrations  are  questionable 
in  curve  A,  but  at  E,  on  the  other  hand,  they  are  without  doubt 
not  present  any  more. 

There  is  a  large  difference  when  we  use  a  sharp-edged  cy- 
lindrical orifice,  as  shown  in  Fig.  42,  on  account  of  the  una- 
voidable stream  contraction  which  occurs  at  entrance.  As  can 
be  seen  from  Fig.  43,  first  an  expansion  takes  place  to  about  3.3 
kg.  per  sq.  cm.  (46.9  lb.  per  sq.  in.).  From  here  the  pressure 
quickly  rises  to  4.4  kg.  per  sq.  cm.  (62.6  lb.  per  sq.  in.),  and  after 
several  small  oscillations,  drops  to  the  vacuum  pressure.  The  con- 
traction causes  the  same  effect  as  if  the  orifice  at  entrance  was  a 
conically  divergent  nozzle,  and  thus  decreases  the  pressure  at  the 
orifice  as  compared  with  the  former  experiments.     The  change  of 
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pressures  behind  the  orifice  is  again  the  same,  and  shows  especially 
at  curve  D  beautifully  drawn-out  oscillations.  In  curve  G,  with 
about  5.2  kg.  per  sq.  cm.  (73.9  lb.  per  sq.  in.)  back  pressure, 
there  occurs  just  before  exit  a  very  noticeable  compression  shock. 
In  //"we  have  only  the  deep  pressure  drop  due  to  the  stream  con- 
traction. 

The  experiments  give  the  desired  explanation  of  the  so  often 
spoken  of  phenomena  of  flow  from  orifice.  As  is  known,  Mach  * 
and  Emden  f  have  proven  by  means  of  photographs  the  presence 
of  regular  successive  light  and  dark  lines  in  the  outflowing  stream 
which  cannot  be  said  to  be  anything  else  but  acoustic  waves  ;  but 
as  to  the  value  of  the  existing  pressures  in  this  stream  we  were 
totally  in  the  dark. 

Emden  assumes  that  at  the  places  of  compression  the  same 
condition  exists  as  in  the  orifice  (p.  440).  But  he  says  (p.  436) 
in  contradiction  to  himself,  that  there  exists  the  same  pressure  at 
every  place  in  the  stream  as  exists  in  the  surrounding  atmosphere, 
and  claims  that  there  is  a  change  of  density.  According  to  this, 
for  instance,  for  air,  places  of  smallest  velocity,  that  is  smallest 
kinetic  energy,  must  coincide  with  places  of  smallest  temperature, 
that  is,  smallest  potential  energy,  which  is  obviously  impossible. 
By  his  calculations  he  further  believed  to  have  proved  that  the 
difference  between  the  initial  and  the  orifice  pressures  could  only 
be  used  to  produce  the  additional  velocity  of  flow ;  the  remainder 
of  the  available  work  is  transposed  into  "  acoustic  energy."  Our 
experiments  contradict  these  opinions  ;  they  prove  that  the  steam 
at  first  expands  to  the  existing  pressure  before  the  orifice,  that  there- 
fore during  the  first  rush  (as  in  the  case  of  suddenly  releasing  a 
compressed  spring)  too  much  potential  energy  is  changed  into 
kinetic  energy.  Only  this  excess  changes  into  acoustic  vibrations 
and  is  rechanged  into  heat  at  the  rim  of  the  stream  by  friction  and 
eddy  currents. 

The  oscillations  occur  in  the  axial  direction  as  well  as  in  the 
radial.  The  stream  flows  at  the  pressure  of  the  orifice  into  a 
region  of  much  smaller  pressure,  begins  therefore  to  expand  in 
the  radial  direction.  The  resulting  drop  of  pressure  accelerates 
the  particles  also  in  the  axial  direction. 


*  E.  Mach  and  P.  Salcher,  Wiedemanns  Annalen,  1800,  Vol.  41,  p.  144. 
t   R.  Emden,  Wiedemanns  Annalen,  1899,  Vol.  69,  p.  264. 
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24.    FLOW   FROM   A   CONICALLY   DIVERGING   NOZZLE 
INTO   THE   ATMOSPHERE. 

The  stream  flowing  from  a  diverging  nozzle  shows  the  same 
phenomena  as  from  the  simple  orifice.  Fig.  44  represents  the 
change  of  pressure  of  a  stream  flowing  from  a  nozzle  of  about 
7    to   12  mm.   (0.276    to  0.472  in.)   diameter.      The  pressure  at 
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the  end  cross-section  of  the  nozzle  reached  about  1.05  kg.  per 
sq.  cm.  (14.93  lb.  per  sq.  in.)  absolute.  The  stream  exhausted 
into  an  experimental  chamber  as  described  below,  in  which  the 
pressure  could  be  varied.  If  vacuum  exists,  the  steam  expands 
according  to  curve  A;  with  only  partial  vacuum  according  to  B. 
The  very  smallest  pressure  above  atmosphere,  as  in  curve  C, 
already  shows  small  oscillations ;  with  somewhat  larger  pressures 
we  obtained  the  well  drawn  out  acoustic  oscillations  according  to 
curve  D.  Fig.  44#  represents  a  second  series  of  experiments  in 
which  the  steam  in  the  nozzle  expanded  to  about  0.7  kg.  per  sq. 
cm.    (9.95   lb.    per  sq.   in.)    absolute.      Exhausting    into  a  higher 
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vacuum  gave  very  regular  acoustic  vibrations,  as  in  curve  A. 
At  B  it  was  possible  to  so  fix  the  back  pressure  that  every  trace 
of  a  vibration  disappeared.  As  soon  as  the  back  pressure  in- 
creased, the  vibrations  again  occurred  as  curve  C  shows.  Curve 
D  finally  represents  such  a  high  back  pressure,  that  the  rise  of 
pressure  is  extended  into  the  interior  of  the  nozzle,  and  on  account 
of  these  conditions,  the  vibrations  became  considerably  less  intense 
than  in  the  first  experiment.     The  course  of  the  regular  expansion 
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lines  in  the  interior  of  the  nozzle  is  not  influenced  by  the  back 
pressure,  and  at  this  place  no  vibrations  occur. 

From  these  experiments  may  be  said  that  the  steam  in  a  nozzle 
expands  nearly  adiabatically  independent  of  the  back  pressure.  If 
the  stream  flows  into  a  space  in  which  a  back  pressure  exists  exactly 
equal  to  the  final  pressure  of  expansion,  then  the  pressure  in  the 
stream  is  not  changed  at  all.  If  the  back  pressure  is  lower,  acoustic 
vibrations  occur,  as  with  a  simple  orifice  ;  if  the  back  pressure  is  too 
high,  a  steam  shock  occurs  with  more  or  less  draivn-out  oscillations. 
By  entirely  filling  out  the  cross-section  of  a  diverging  nozzle,  a 
vibration  is  made  difficult,  if  not  entirely  impossible.  We  can 
hardly  go  wrong  if  we  say  that  the  drawn-out  vibrations  occurring 
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in  a  simple  orifice  are  caused  primarily  by  the  sudden  difference  of 
pressures  at  the  stream's  rim  and  the  surrounding  atmosphere,  which 
the  stream  quickly  spreads.  There  is,  therefore,  the  possible  assump- 
tion, that  when  vibrations  still  occur  in  the  interior  of  the  nozzle,  the 
stream  has  detached  itself  at  such  places  from  the  wall.  The  absence 
of  any  pressure  vibrations  in  the  observed  regular  expansion  line, 
is  inversely  a  further  proof  that  the  stream  entirely  fills  out  the 
cross-section.* 


25.  EXPERIMENTS  WITH  TURBINE  BLADES. 

It  is  known  that  the  resistance  of  rotating  wheels  in  motion 
may  be  very  much  different  from  those  in  a  position  of  rest, 
because  of  the  constantly  changing  influences,  due  to  the  narrow- 
ing of  the  channels  in  the  rotating  wheels  by  the  blades  of  the 
guide  wheels  ;  still  experiments  with  stationary  blades,  although 
representing  an  imperfect  condition,  may  give  much  desired  infor- 
mation. In  order  to  carry  out  such  experiments  the  arrangement 
shown  in  Figs.  45  and  4:5a  was  devised  and  used.  It  consists  of  an 
enclosed  space  in  which  a  frame  was  hung  as  shown,  for  the  support 
of  the  rotating  blades.  The  friction  caused  by  the  supporting 
center  points  was  found  to  be  harmless,  as  was  to  be  expected  ; 
because  the  flow  of  steam  occurred  with  so  much  vibration  that  the 


*  The  presence  of  oscillations  at  the  exit  of  steam  from  nozzles  has  already  been 
observed  by  Chief  Engineer  Kienast,  Prof.  Gutermuth,  and  P.  Emden.  The  experi- 
ments of  the  latter  were  published  by  A.  Fliegner  in  Schweiz.  Bauzeitung,  1908, 
Vol.  XLI,  p.  173.  Emden 's  nozzle  had  a  diameter  of  5.5  to  11  mm.,  with  about 
30  mm.  length.  It  was,  therefore,  too  divergent  for  an  initial  pressure  of  5  kg. 
per  sq.  cm.  and  atmospheric  back  pressure,  and  on  account  of  this,  and  also 
on  account  of  the  sharp  edge  at  entrance,  we  can  easily  see  that  the  stream  detached 
itself  from  the  walls  of  the  nozzle.  Any  results  that  would  be  derived  from  these 
unfavorable  circumstances  cannot  be  taken  as  correct  as  our  experiments  show. 
Contradicting  the  opinion  held  by  many  that  with  the  Laval  turbine  the  steam  can- 
not reach  any  higher  velocity  than  the  acoustic  velocity,  that  is,  only  about  450  m. 
(1  476  4  ft.),  we  draw  attention  to  the  fact  that  these  turbines  could  not  show  a 
steam  consumption  of  only  7  kg.  per  h.  p.e  hour  (15.6  lb.  per  English  h.  -p.e 
hour).  The  theoretical  velocity  is  higher  than  1  000  m.  (3  280  ft.)  ;  if  only  so  much 
energy  remains  as  would  correspond  to  the  kinetic  energy  of  450  m.  (1  476.4  ft.) 
velocity  and  should  the  remainder  be  transposed  into  heat  through  acoustic  vibrations, 
then  even  an  ideal  turbine  could  not  transpose  more  than  25  per  cent,  of  the  avail- 
able energy  into  work,  while  actually  more  than  50  per  cent,  is  produced.  Facts  lay 
aside,  therefore,  these  incorrect  opinions. 
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very  small  friction  could  not  cause  any  jamming.  The  two  turning 
axes  at  right  angles  to  each  other  were  for  the  determination  of  the 
circumferential  and  the  axial  components  of  the  pressures  of  the 
steam  reaction. 

In  order  to  accomplish  this,  a  vertical  and  horizontal  spring 
balance  were  attached  to  the  frame,  which  could  be  balanced  by 
means  of  weights,  and  which  would  register  the  pressure  by  means 


Figs.  45  and  45a. 


of  a  micrometer  screw.     An  extension  of  the  frame  moves  a  light 
pointer  which  registers  every  movement  tenfold,  and  by  means  of 

a  fixed  mark  which  can  be  observed 
through  two  glass  windows,  the  frame 
can  be  brought  exactly  to  the  same  point 
in  the  horizontal  as  well  as  in  the  vertical 
position.  After  we  note  the  existing 
— .  spring  pressures  of  the  unloaded  frame 
j'lli  in  its  zero  position,  we  allow  the  steam  to 

enter  and  then  adjust  the  frame  again  to 
its  zero  position.  The  difference  of  the 
spring  pressures  gives  the  exerted  forces, 
and  in  this  way  we  measure  the  tan- 
gential and  the  axial  components  T  and  A  of  the  total  reaction 
of  the  steam,  Fig.  46. 
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The  blade  model  was  made  of  sheet  bronze  with  blades  having 
everywhere  the  same  thickness.  There  were  tested  :  1.  —  Guide 
and  rotating  wheels,  each  30  mm.  (1.18  in.)  wide  with  a  clearance 
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Breadth  of  the  guide  wheel,  30  mm.  (1.18  in.). 
Breadth  of  the  rotating  wheel,  30  mm.  (1.18  in.). 
Clearance,  4.5  mm.  (0.177  in.). 

Figs.  47  and  48.     Circumferential  Pressure  T  and  Axial  Pressure  A. 


of  about  0.8  mm.  (0.031  in.)  ;  2.  —  The  same  with  a  clearance 
of  about  4.5  mm.  (0.177  in.)  ;  3. — The  same  rotating  wheel  with 
a    guide  wheel    of    25   mm.    (0.98  in.)  and  clearance  of    1  mm. 
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(0.039  in.)  ;  4.  — The  same  rotating  wheel  with  a  guide  wheel  of 
15.5  mm.  (0.61  in.)  and  a  clearance  of  1  mm.  (0.039  in.).  The 
exit  angle  of  the  guide  wheel  and  the  entrance  and  exit  angles 
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of  the  rotating  wheel  were  all  equal  to  30°.  Figs.  47  to  50  repre- 
sent the  derived  results  in  the  above  order.  The  abscissas  repre- 
sent the  pressures  at  the  guide  wheels  ;  the  pressure  in  back  of  the 
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rotating  wheels  is  noted  on  each  curve.  The  ordinates  are  the 
blade  pressures  in  kilograms.  The  steep  curves  represent  the  cir- 
cumferential components,  the  less  steep  ones  the  axial  pressure. 
Both  reach  the  value  naught  when  the  pressure  in  front  of  the 
rotating  blades  is  equal  to  the  back  pressure.  As  the  boiler  pres- 
sure remained  unchanged  at  about  10  atmospheres  (147  lb.  per 
sq.  in.),  the  steam  was   somewhat  superheated  by  throttling. 

Most  noteworthy  in  these  curves  is  that  in  cases  1  and  2  the 
axial  force,  in  spite  of  the  undoubtedly  existing  blade  friction, 
becomes  negative  at  small  pressures  above  atmosphere,  and  the 
more  so,  the  greater  the  pressures.  The  reason  of  this  is  perhaps 
that  by  the  existing  equal  number  of  guide  and  rotating  wheel 
channels  the  cross-section  at  the  end  of  the  guide  channel  forms 
the  narrowest  section  of  the  entire  passage  formed  by  the  guide 
and  rotating  wheel  blades.  At  small  pressures  above  atmosphere 
an  expansion  occurs  below  the  pressure  of  the  surroundings,  so  that 
the  outer  or  surrounding  pressure  receives  the  overweight  and  the 
blades  press  against  the  guide  wheel.  Case  2  shows  how  great  this 
influence  is  ;  in  spite  of  a  clearance  of  4.5  mm.,  a  negative  pressure 
exists.  Of  course  the  change  of  pressure  in  the  clearance  space 
must  still  be  more  closely  investigated  experimentally. 

From  the  steam  mass  per  second  M,  which  is  observed,  and 
from  the  condition  of  the  steam  before  and  after  the  blades,  there 
can  also  be  calculated,  with  the  theoretical  velocity  w,  the  theoret- 
ical blade  pressure 

PQ  =  2  Mw  cos  a 

in  tangential  direction  for  frictionless  flow  (in  which  a  is  the 
entrance  and  exit  angle  of  the  rotating  blades).  As  the  losses  in 
the  guide  blades  are  small  because  of  the  gradual  increase  of 
velocity,  we  may  say,  as  a  first  assumption,  that  at  exit  from  the 
guide  wheel  the  theoretical  velocity  exists,  which  drops  to  a  smaller 
exit  value  w'  in  the  rotating  blades  on  account  of  friction.  The 
effective  tangential  pressure  would  then  be 

Pe  =  M  (w  +  w')  cos  a, 

which  allows  zvr  to  be  found.  The  loss  of  kinetic  energy  in  the 
blades  in  terms  of  the  available  energy  is 
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A  further  experiment  with  rotating  blades  was  made  with  "The 
Limit  Turbine  "  having  everywhere  equal  cross-section,  therefore 
constructed  with  an  enlargement  in  the  middle  of  the  blades. 
There  was  obtained  with  a  velocity  of  about  400  m.  (1  312.3  ft.) 
the  coefficient  of  loss  of  kinetic  energy  (as  above  figured)  £  =  0.30 
—  0.40,  and,  as  was  natural,  the  smallest  values  when  the  blades 
(with  equal  divisions  in  the  guide  and  rotating  wheels)  stood  oppo- 
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site  to  one  another,  and  was  largest  when  they  were  transposed. 
It  could  not  be  determined  whether  the  losses  decreased  with 
smaller  velocities.      The  experiments  will  be  continued. 

A  peculiar  picture  is  presented  by  the  reflection  of  a  steam 
stream  against  an  open  bucket  of  Pelton  form,  as  in  Figs.  51  and 
52.  The  stream  flowing  from  a  7  by  12  mm.  (0.276  by  0.472  in.) 
nozzle,  on  striking  the  bucket  spreads  in  an  unusual  degree.  The 
somewhat  compressed  rim  of  the  stream  leaves  the  bucket  at  a 
breadth  of  about  54  mm.  (2  13  in.),  that  is,  4J-  times  the  nozzle 
width.  A  small  part  of  the  steam  spreads  still  further.  On 
account  of  this  great  spreading  the  stream  appears  as  a  veil  of 
only  paper  thickness.  At  a  there  is  a  noticeable  point  of  com- 
pression that  is  doubtless  caused  by  the  steam  striking  the  edge. 
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These  facts  teach  us  to  be  careful ;  especially  is  it  to  be  noted  that 
in  designing  a  turbine  we  can  promise  success  only  when  the 
designer,  by  making  numerous  experiments,  has  become  acquainted 
with  the  phenomena  of  steam  flow. 


B.    THE  LAWS  OF  ENERGY  IN  THE  STEAM 

TURBINE. 

26.    THERMODYNAMIC   EFFICIENCY. 

We  compare  the  effective  power  Le  of  a  turbine,  taking  into 
account  the  steam  and  bearing  frictions  for  a  given  initial  condi- 
tion of  the  steam  and  a  given  condenser  pressure,  with  the  power 
L0  of  an  ideal  turbine  in  which  no  friction  occurs  and  in  which  the 
energy  of  the  steam  is  completely  utilized  ;  that  is,  so  that  the  exit 
velocity  drops  to  0.  The  same  is  obtained  from  one  pound  (or 
kilogram)  of  steam  in  a  frictionless  reciprocating  engine  without 
steam  throttling,  and  with  non-conducting  cylinder  walls,  which 
has  no  clearance  spaces  and  expands  its  steam  to  the  condenser 
pressure. 

The  ratio 

%  =  ^ a) 


we  call  the  thermodynamic  efficiency,  referred  to  the  effective 
power. 

If  we  designate  the  heat  contents  or  total  heat  of  steam  at  the 
initial  condition  as  \,  and  that,  after  adiabatic  expansion  to  the  con- 
denser pressure,  as  \2',  then  the  theoretical  power  is,  according  to 
what  has  been  said  before,  in  meter  kilograms  for  one  kilogram  of 
steam,  or  in  foot-pounds  for  one  pound  of  steam 

A (2) 

The  total  change  of  heat  Q0  is  much  greater  than  A  Z0 ,  and 
approaches  more  or  less  closely  to  \lf  according  to  the  feed  water 
temperature.     The  " total  efficiency"  is  the  ratio 
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fc  =  4r (3) 


The  determination  of  Z0  is  simplified  by  means  of  the  entropy 
table  ;  Rateau  (Annales  des  Mines,  1897)  and  Mollier  (Z.  1898) 
have  also  given  empirical  formulae  from  which  we  can  calculate  L0. 
Rateau  gave  for  saturated  steam, 

D,  .0.85  + l95-0'92"*  ?■      ....     (4) 

Mollier  gave  for  saturated  steam, 

£    =  6.87  -  0.9  log  p2 (5) 

lozftl 


A 

for  superheated  steam, 

n' -     ^ .      (6) 

1  +  0.000755  UV  -T)  -Tx  nat  log  *     £>0 

In  which, 

Z>0  and  Z>0'  =  the  steam  consumption  for  the  entire  turbine  ir. 
kg.  per  h.  p.  per  hour. 
p{  =  the  initial  pressure  in  kg.  per  sq.  cm. 
p2  =  the  final  pressure  in  kg.  per  sq.  cm. 
T   =  the  absolute  temperature  of  saturation. 
T'  =  the  absolute  temperature  of  superheat. 
7\  =  the  absolute  final  temperature  (exhaust). 

In  the  English  units,  Rateau  s  formula  for  saturated  steam  is 


P.-1.9+"-M-8-0a"°'»i 

Mollier ' s  formula  for  saturated  steam 
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_  17.68  -  2.011  \ogp2 


s» 


and  for  superheated  steam, 


D0'  = 


1  4.  0.0001876  T(r  -  T)  -  rxnat  log— ~]z?( 


In  which 


Z)Q  and  Dq   =  steam  consumption  for  the  entire  turbine  in  lb. 
per  h.  p.  per  hour. 
px  =  the  initial  pressure  in  lb.  per  sq.  in. 
p2  =  the  final  pressure  in  lb.  per  sq.  in. 
T   =  the  absolute  temperature  of  saturation. 
T'  =  the  absolute  temperature  of  superheat. 
Tx  =  the  absolute  final  temperature  (exhaust). 

In  the  French  system  a  horse  power  for  one  hour  gives  270  000 
meter  kilograms,  or  637  heat  units*  ;  if  D0  kilograms  of  steam  were 
used,  then  the  work  exerted  on  one  kilogram  is 

270  000       , 
L*  =  -—r — m.kg., 

or  the  useful  transposed  heat  is 

-v  a  r  at  637  - 

\  —  \  2  =  A  L0  =  — —  heat  units     ....      (7) 

In  the  English  units 

1980  000  .    „ 
L0  = ft.  lb. 

The  useful  transposed  heat  is 

.        w        .  _        2  544.65  ^ 

X1  -  V  =  A  L0  = B.  t.  u. 


*This  number  was  taken  to  correspond  with  the  value  of  A  ==  ¥|¥  meter  kilo- 
grams which  is  used  in  the  steam  tables. 

In  practical  steam  turbine  problems  the  translator  has  taken  the  privilege  of  cor- 
recting Formula  7,  placing  for  637  the  value  632.47  as  the  number  of  calories  in  one 
metric  horse  power  hour.  This  was  done  to  bring  the  results  deduced  from  the  French 
units  into  agreement  with  those  in  English  units. 
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26a.   FINAL    CONDITION    OF    THE    STEAM    IN    ANY    STEAM 

TURBINE. 

We  shall  assume  that  a  certain  turbine  is  selected  and  its  steam 

consumption  De  per  h.  p.e  hour  experimentally  determined.     Also 

that  we  have  given  the  bearing  friction,  the  power  needed  to  drive 

an  air  pump,  etc.;  in  fact,  all  those  outside  consttmptions  of  power, 

whose  values  do  not  again  return  to  the  steam  as  heat.     The  sum 

of  these  powers  is  added  to  the  effective  power  and  gives  the  total 

external  work  that  the  steam  performs,  equal  to  Ne'.     In  NJ  is  not 

included,  for  instance,   the  steam  friction  on  the  turbine  wheels, 

because  this  is  entirely  changed  into  heat,  and  again  appears  as  a 

part  of  the  heat   contents  of   the  steam.     From  TV/  we  get  the 

N' 
total  steam  consumption  De'  =  Z^-^-in  kilograms  per  hour,  or  in 

pounds  per  hour,  which  must  not  be  confused  with  De.  From  De 
we  get  finally  the  absolute  delivered  external  work  in  meter- 
kilograms,  or  foot-pounds,  that  is  furnished  by  1  kilogram  or  1 
pound  of  steam. 

In  the  French  units, 

1       637 

*  ~  I  '   W  ' 

In  the  English  units, 

,       1      2544.65 


T  '  _ 

Le   ~  A  D 


By  experiment  is  determined  the  initial  condition  AY  in  Fig.  24, 

and   the    final    pressure    of    the   expansion,  p2.     Further    we  can 

estimate  the  losses  due    to  conduction  and  convection,  which  we 

will  designate  as  Qs  per  kilogram  or  pound  of  steam.     If  c2  is  the 

exit  velocity  (from  the  last  rotating  wheel  of  the  turbine),  then 

c  2 
the  steam  carries  away  the  kinetic  energy  -?-  .       According   to 

Formula  1,  Article  14,  we  have 

\-\-al.'  +  q.+£l     .    .    .    .    (l) 

Lg 

and  from  this  X2  and  also  x2  can  be  determined.  At  a  more  distant 
point  in  the  exhaust  pipe  r2  will  have  changed  into  the  smaller 
value  c2f ,  upon  which  depends  the  corresponding  increase  of  X2. 
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As  c2  itself  depends  on  the  final  condition,  we  can,  by  deter- 
mining/^ and  x2,  assume  c2  for  trial,  and  calculate  the  specific  vol- 
umes, and  the  relative  and  the  absolute  exit  velocities.  If  we  place 
c2  in  equation  1,  we  must,  if  the  assumption  was  correctly  made, 
get  the  assumed  X2.  In  general,  Qs  is  negligibly  small,  and  the 
third  part  of  the  equation  of  small  value,  so  that  a  very  approxi- 
mate calculation  of  the  same  suffices. 

In  any  new  design  of  a  turbine  the  values  of  the  losses,  as  we 
shall  explain  later,  must  be  estimated ;  c2  chosen  at  will  and  from 
this  \2  determined. 

AXIAL  TURBINES. 

27.    THE  SINGLE  STAGE  IMPULSE  TURBINE. 

A.    LARGE    PRESSURE    DIFFERENCES  ;    DESIGN    OF    NOZZLE. 

If  we  construct  the  nozzle  according  to  the  formula  of  Zeimery 
the  final  pressure  will  be  greater  than  the  prescribed  back  pressure, 
because  friction  transposes  the  kinetic  energy  into  heat,  and  the 
expansion  line  will  rise  above  the  adiabatic.  A  nozzle  *  calcu- 
lated according  to  Zeuner  would  actually  be  somewhat  too  short. 
Rateau,  and  after  him  Delaporte,  have  proved  by  experiments  that 
the  pressure  of  a  stream  on  blades  or  suitable  plates  decreases 
very  little  if  the  nozzles  are  made  short  ;  that  is,  the  stream  is 
allowed  to  flow  out  at  a  slight  overpressure.  But  our  experiments 
on  page  83  show,  that  violent  acoustic  vibrations  then  take  place 
in  the  stream,  which  we  should  always  try  to  avoid.  It  is  easy  to 
make  the  nozzle  dimensions  suitable  to  the  assumed  back  pressure; 
We  will  choose  in  the  entropy  diagram  as  condition  curve  starting 
at  point  A1}  Fig.  24,  not  the  adiabatic  Ax  A2',  but  the  curve  Ax  A2,  in 
which  to  be  sure,  the  intermediate  path  remains  yet  undetermined; 
but  A2  must  be  so  chosen  on  the  prescribed  curve  p2=  constant, 
that  area  A{A2A2" A{'  must  be  equal  to  the  losses  of  kinetic 
energy  ;  that  is 

X2  -  \2'  must  equal  ?  (\  -  X/)    .     .     .     .      (8) 

in  which  £*  is  equal  to  the  values  as  given  in  Article  16.  Now  pro- 
ceed as  in  Article  4  ;  that  is,  read  at  a  few  intermediate  points  the 
values  of  the  corresponding  pressures/^,  volume  vx  and  the  heat  of 
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steam  \x.  With  permissible  negligence  of  the  inflowing  velocity 
wx ,  we  get  the  corresponding  velocity  from  the  equation 

2g 
which  is  shown  in  Fig.  4  as  a  function   of  the  pressure  px  repre- 
sented from  right  to  left.     With  yx  =  —  as  the  specific  weight  at 

VX 

that  point,  we  get  from  the  "  equation  of  continuity  " 

Gsc   =fxWxr1X- 

The  nozzle  cross-section  corresponding  to  px  is 

r  __    Gsc 

J  x  — 

™xlx 

We  find  graphically  the  minimum  cross-section  fm  with ,  its  corre- 
sponding pressure  as  well  as  the  final  cross-section  f2  and  the  ratio 
of  divergence 

fm 

From  this  the  nozzle  can  be  drawn  as  in  Article  4. 

B.     OCCURRENCES    IN    THE    BLADE    CHANNEL. 

The  steam,  on  leaving  the  nozzle,  flows  out,  as  we  shall  assume, 
in  parallel  steam  threads,  and  is  compelled  to  take  a  more  or  less 
sharp  bend  and  thereby  exerts  a  "centrifugal  pressure,"  which 
greatly  compresses  the  steam  mass  on  the  concave  side  of  the 
channel.  On  the  convex  side,  conversely,  an  expansion  occurs, 
and  the  steam  particles  will  approximately  describe  the  diverging 
stream  lines  shown  in  Fig.  53.  Besides  this  first  unequal  pressure 
in  the  direction  of  the  radius  of  the  channel,  we  must  take  care  of 
a  second  in  the  direction  of  the  stream,  which  is  caused  by  friction. 
The  occurrences  are  perhaps,  all  in  all,  the  same  as  in  a  cylindrical 
straight  tube,  if  we  assume  as  constant  the  cross-section  for  the 
entire  blade  length,  measured  at  right  angles  to  the  flow.  If  the 
entrance  velocity  had  been  smaller  than  the  acoustic  velocity  of 
the   corresponding  condition,  then    the   pressure  in  the  direction 
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of  the  stream  would  have  decreased.  This  takes  place  when  the 
pressure  ratio  (for  saturated  steam)  is  smaller  than  1.7.  Here  we 
would  expect  a  very  slight  over-pressure  in  the  clearance  space,  also 
a  slight  loss  due  to  leakage,  so  long  as  there  is  no  tendency  for 
expansion  and  abnormal  phenomena  caused  by  the  finite  thickness 
of  the  blades,  which  was  discussed  in  Article  25. 

Should  the  pressure  ratio  be  greater  than  1.7,  then  the  acoustic 
velocity  is  exceeded,  the  pressure  in  the  blades  at  first  increases  in 
the  direction  of  the  stream-flow,  and  only  at  the  end  of  the  blade 
channels  does  it  again  decrease  to  the  pressure  of  the  surroundings. 


Fig.  54. 


The  velocity  will  decrease  to  the  point  of  greatest  compression, 
then  again  increase  so  that  the  final  value  (zv2)  always  remains 
smaller  than  the  initial  value  (wx). 

If  the  blades  are  made  of  tin  bent  to  shape  (of  constant  wall 
strength),  then  the  channel  forms  in  the  middle,  an  enlargement 
of  section,  and  we  must  expect  an  expansion  and  then  a  compres- 
sion shock,  as  was  noticed  in  the  experiments  in  Article  18,  Fig. 
33.  Even  with  an  uniformly  equal  width  of  channel,  we  have  in 
the  boundary  stream  thread  on  the  convex  side  an  expansion  as 
shown  in  Fig.  53,  at  dx  and  ex ;  therefore  here  also  is  a  probability 
of  steam-shock  taking  place. 
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These  disadvantages  Curtis,  in  his  patents,  tries  to  avoid  by 
narrowing  the  channel  at  the  place  of  greatest  bending  (Fig.  54), 
so  that  the  outer  stream  thread  (shown  in  Fig.  54  at  d)  experiences 
no  expansion,  hence  no  pressure  change,  and  gives  no  cause  for  a 
steam-shock. 

Experiments  investigating  these  phenomena  have  evidently 
great  value. 


C.      THE    CONSTRUCTION    OF    THE    VELOCITY    DIAGRAM    AND    THE 
DETERMINATION    OF    THE    POWER. 

This  follows  exactly  as  we  have  explained  in  Article  7. 
For  the  impulse  turbine  with  radial  Pelton  buckets  the  velocity 
diagram  shown  in  Fig.  55  is  used.     From  cx  we  get  through  corn- 


Fig.  55. 


bination  with  (—  u)  the  velocity  wx.  The  stream  divides  to  both 
sides,  so  that  the  center  line  of  the  stream  describes  approximately 
a  helix  with  an  angle  of  slope  a '.  We  can  easily  convince  ourselves 
that  the  additional  forces  (such  as  centrifugal,  etc.,)  of  relative 
movement  will  give  a  negligibly  small  deviation.     The  projection 
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OA  of  the  relative  velocity  w2  then  forms  with  the  circumferential 
tangent  O  0Y  the  angle  a2,  while  the  slope  of  w2  towards  OA  gives 
the  entrance  angle  of.  If  now  again  iv2  =  yfrwlf  then  follows,  using 
the  notations  in  the  figure : 

OA  =  w2  cos  a', 

w     —  OA  cos  a2  =  w2  cos  a!  cos  a2, 
2i/    =  w2  sin  a/, 

«/'  =  6M  sin  a2    =  w2  cos  a'  sin  a2. 
From  this  we  get 


w'2  +  w"\ 


Kg.  or  H.P. 


Fig.  5Q. 

and  from  the  right  angled  components  c2  and  w  —  u,  finally  the  exit 
velocity 

c2  =  ^/(w  -u)2  +  c2'2. 
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With  the  decided  spreading  of  the  stream  the  value  of  c2  is  of 
course  only  to  be  taken  as  a  rough  approximation.  The  inferiority 
of  this  blade  form  is  proved  by  the  experiments  on  page  90,  and 
its  application  cannot  be  recommended. 

In  Fig.  56  are  the  well-known  parabolas,  which  represent  the 
power  of  ah  impulse  turbine  as  a  function  of  the  circumferential 
velocity,  for  a  10  h.  p.  Laval  turbine  at  the  mechanical  labora- 
tory of  the  Polytechnicum  in  Zurich.  The  circumferential  forces 
vary  little  from  straight  lines.  There  is  also  added  the  cir- 
cumferential force  corresponding  to  the  total  friction,  but  it  could 
not  be  found  with  sufficient  accuracy,  and  on  this  account  we 
omit  from  the  calculation  the  thermodynamic  efficiency  of  this 
experiment. 

D.     SMALL    PRESSURE    DIFFERENCES. 

If  we  have  to  design  an  impulse  wheel  as  a  part  of  a  many- 
stage  turbine  for  small  differences  of  pressure,  in  which  the  ordi- 
nary blades  are  used  as  a  guide  wheel  instead  of  nozzles,  we  would 
proceed  with  our  calculations  in  a  similar  manner.  We  would 
hardly  make  a  great  error  if  the  gradually  retarded  movement 
through  the  guide  channels  is  assumed  as  without  resistance,  and 
imagine  the  entire  losses  as  concentrated  in  the  rotating  wheel. 


28.    THE    FEW    STAGE    IMPULSE    TURBINE. 

A.  ONE  PRESSURE  AND  SEVERAL  VELOCITY  STAGES. 

In  regard  to  the  nozzle  we  refer  to  what  has  been  previously 
said.  X2  is  the  heat  contents  at  the  nozzle  end.  The  change  of 
condition  in  the  blades  of  the  rotating  and  guide  wheels  is,  as  we 
have  above  described,  a  complicated  occurrence.  Still  we  must 
assume  for  the  impulse  turbine,  that  in  each  clearance  there  exists 
the  pressure  of  the  surroundings.  This  assumption  allows  us,  in 
the  entropy  diagram,  to  enter  on  the  curve  of  the  condenser  pres- 
sure p2  =  constant,  the  corresponding  points,  and  then  get  the 
correct  specific  volumes.  To  accomplish  this  we  calculate  the 
resulting  loss  per  pound  (or  kilogram)  of  steam  up  to  the  clearance 
space  in  front  of  the  second  guide  wheel,  which  is 
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c?    .    IV?  — 


and  which  is  changed  into  heat.     The  corresponding  steam  condi- 
tion requires,  therefore,  a  point  on  the  curve  p%  =  constant,  with 

the  heat  of  steam 

\  =  \2  +  ALz (2) 

In  the  second  guide  wheel  there  is  added  to  X3  also 


c,"  —  c 


rl 


ALj  =  A"^- (3) 

that  is,  the  point  referred  to  has  been  moved  more  to  the  right, 
and  so  on. 

The  determination  of  the  cross-section  is  now  obtained  by  aid 
of  the  law  of  continuity,  by  letting  vu  v2>  v{,  v{  ...  be  the  exist- 
ing specific  volumes  in  the  successive  clearance  spaces,  counting 
from  the  nozzle  end,  and  figuring  with  the  axial  velocities  wln,  w2n9 
c2n>  c\n  •  •  •  as  though  full  circumferential  admission  existed.  We 
then  have  as  the  diameters  are  the  same  for  all  wheels,  and  for 
infinitely  thin  blades,  the  same  designation  as  in  Article  10,  in 
which  we  should  observe  that 


<z,  w 


i  wi» 


a'  =  a{ 
a<f  =  a2 

•     •     (4) 

02^2  n 

a\C\n            "2™2n' 

•     •     (5) 

— 

a,  f        —         ^,  / 

ax  is  determined  by  the  nozzle  ;  equation  5  gives  a2  a0'  a{  a2  .  .  , 
which  must  be  corrected  in  the  design  because  of  the  thicknesses 
of  the  blades. 

We  could  ask,  if  there  would  not  be  an  improvement  in  making; 
the  blades  of  such  form,  that  the  pressure  is  forced  to  remain  con- 
stant. For  a  straight  cylindrical  tube  this  question  has  been 
answered  in  the  affirmative  on  page  77  by  equation  23#.  We  had 
to  construct  the  tube  with  a  slight  enlargement  of  section  as  an 
expansion  nozzle.  Unfortunately  the  necessary  enlargement  is  so 
slight  that  for  a  blade,  we  can  expect  nothing  from  this  because  of 
the  great  interference  caused  by  its  bending. 
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B.     SEVERAL    PRESSURE   STAGES,   EACH  WITH   A  VELOCITY    STAGE. 

We  start  with  the  assumption  that  the  outflow  velocity  c>  of 
any  wheel  is  used  up  (to  a  negligibly  small  value)  by  eddy  cur- 
rents, that  change  their  corresponding  kinetic  energy  into  heat. 

If  only  five  to  ten  wheels  are  to  be  used,  mark  approximately 
in  the  entropy  diagram  the  pressure  stages  to  which  the  steam  shall 
expand  for  each  individual  wheel.  Then  construct  the  first  wheel, 
that  should  work  between  the  pressures  px  and  p2  as  was  shown  in 
Article  27.  To  calculate  the  next  wheel,  find  for  the  same,  the 
correct  initial  condition  of  the  steam.  The  initial  pressure  will  be 
p2 ;  the  quality  of  steam  or  the  superheat  is  raised  according  to 
adiabatic  expansion.  The  total  work  of  resistance  and  the  exit 
losses  for  one  pound  (or  kilogram)  of  steam  in  the  first  wheel  is 


L 


c*  -  c?  +  ™i 


^g 


*g 


~G 


•     •      (6) 


foot-pounds  (or  meter  kilograms),  and  is  changed  into  heat.      In  the 
/  work  of  resistance  we  must  also 

include  the  friction  and  work 

of  fan  resistance    — £   of    the 
G 

wheel  referred  to,  for  one  pound 
(or  kilogram)  of  steam;  which 
must  be  assumed  from  values 
derived  from  already  con- 
structed machines.  Practi- 
cally, the  heat  value  of  the 
wheel  friction  is  so  slight 
that  we  could  omit  it  in  the 
entropy  diagram  and  subtract 
the  entire  wheel  friction  at 
the  end  from  the  indicated 
If,  for  instance, 
the  adiabatic  expansion  of 
pressure  px  and  temperature 
7j  led  to  the  temperature 
T{  at  a  pressure/,,  then  in 
the  superheated  territory 
according    to    the    equation 


y 

VI  i 

// 

$sy 

Ti 

2 

Vlo 

\   *\ 
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o\ 
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absolute  Zero  Line 

1     , 

^fe*   steam  work 


Entropy 


Fig.  57. 
there    would    be    an    increase   to 
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Q,-AL.-c,{Tt-Tj) (7) 

For  the  second  wheel  the  initial  conditions  are/2,  7!>  and  the 
initial  heat  contents 

\2  =  q2  +  r2  +  cp{T2-T2s) (8) 

If  the  steam  is  wet,  then  the  quality  of  the  steam  x,'  would  be 
raised  to  xz  according  to  the  equation 

G,  =  rt  (*-*/). (9) 

and  then 

X2  =  q2  +  x2r2 (10) 

In  Fig.  57,  which  represents  the  entropy  curves,  the  heat 

Qz  =  Area  A.2'A2B2B2', 

is  shown  sectioned.  Qz  is  not  totally  lost,  because  the  steam 
still  works  in  the  wheels  following.  By  the  change  of  the  work  of 
resistance  into  heat,  the  entropy  for  one  pound  (or  kilogram)  of 
steam  has  been  increased  by  the  value  A  j  =  B2  B2.  If  C2B2  =  T 
be  the  temperature  which  corresponds  to  the  pressure  of  the  con- 
denser, then  only  A s  •  Tk  =  Area  C2 C2B2B2,  represents  the  loss 
of  work  Zx  in  heat  units  which  the  described  non-reversible  change 
has  caused. 

The  quantity  of  heat  per  pound  (or  kilogram)  of  steam  that  is 
changed  into  work  in  the  first  wheel  is 


Qi  =  \-\ (ll) 


1 


eral  do  this,  and  we  shall  then  take  —  QY  as  the  "indicated  work." 


The  work  Lx  =  --.  QY  is  to  be  taken  as  the  effective,  if  the  wheel 

friction  is  included  in  Lz.     As  was  said  above,  we  will  not  in  gen- 

1 

A 

After  we  have  calculated  all  wheels  in  this  manner,  we  shall 

figure  the  steam  condition  at  the   pressure  of  the  condenser,  so 

c22 
that  the  exhaust  energy  a  -  is  supposed  to  have  been  changed  into 

<5> 
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heat.     If  the  corresponding  heat  of  steam  is  Xk,  then  we  would  gain 
in  all  per  pound  (or  kilogram)  of  steam  the  indicated  work 

Z,=  i(x,-xt) (12) 

From  this,  in  the  French  units, 

^<  =  %r a3) 

and  in  the  English  units 


N4  = 

GSCL{ 
550 

Ne- 

=  N4- 

N: 

and  Ne  =  NA  -  Nr (14) 

Finally  a  trial  calculation  is  made  from  wheel  to  wheel,  to  see 
if,  by  decreasing  the  diameter  or  by  changing  the  drop  of  pressure, 
we  could  save  enough  of  friction  and  fan  resistance  work  of  the 
wheel  under  consideration,  that  even  uncler  the  circumstances  of 
poorer  utilization  of  steam  energy  we  could  possibly  obtain  a  gain 
of  effective  work. 

It  is  evident,  that  in  place  of  pressure  stages  we  could  just 
as  well  specify  temperature  stages,  still  the  representation  of  the 
heat  of  friction  in  the  superheated  territory  will  then  not  be  so 
simple  as  until  now. 

b.  —  It  is  assumed,  that  the  outflow  velocity  c2  of  a  wheel  could 
be  made  partially  or  wholly  useful  at  the  entrance  to  the  next 
guide  wheel. 

The  treatment  of  this  case  is,  according  to  the  above  given 
explanation  easily  accomplished  by  means  of  the  entropy  diagram. 


29.    THE    MANY   STAGE    REACTION    TURBINE. 

The  reaction  turbine  gives  the  simplest  case  for  the  many 
stage  system  ;  therefore  we  shall  begin  with  it. 

We  start  with  the  assumption  that  the  wheels  follow  one 
another  closely,  Fig.  58,  so  that  the  outflow  velocity  of  each 
wheel  is  utilized.     We  shall  observe   as   reliable  steam  condition 
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that  which  exists  in  the  end  cross-section  of  a  guide  or  rotating 
channel.* 


Fig.  58. 

The  velocities  belonging  to  a  certain  guide  and  rotating  wheel 
set  shall  be  represented  with  the  same  letters  ;  as,  for  instance, 
for  the  successive  wheel  sets,  a,  b,  c,  the  velocities  are  as  follows : 

•      C\a>   W\a>   ™2a>   ^2«; 
c\b>   Wlb>   ™2b>  C*b\ 

clc,  wlc,  w2c,  c2c; 


*  In  Fig.  58  the  points  are  placed  in  the  clearance  spaces  only  for  the  sake  of 
clearness. 
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Let,  furthermore,  the  heat  contents  be  represented 

In  the  steam  chamber Xl 

At  entrance  to  the  guide  channel  a  .      .     .     X/ 
At  exit  from  the  guide  channel  a  .     Xa 

At  exit  from  the  rotating  wheel  channel  a      \J 
At  exit  from  the  guide  channel  b  .     \ 

At  exit  from  the  rotating  wheel  channel  b       \b',  etc. 

In   the   steam    chamber   the   steam   has   only  an    unimportant 
velocity. 

According  to  the  laws  of  steam  flow  we  get,  for  entrance  from 
the  chamber  into  the  guide  wheel  a 

AC«l=Xx-\> (1) 

for  the  flow  in  guide  wheel  a , 


C\  a  C0a 


A    'a         °a  =  V  -  X„ (la) 


for  the  rotating  wheel  a,  referring  to  the  relative  velocities, 

'^-)  =  K-\'    ....    (1<0 


%     "    —     Wy 


For  the  guide  wheel  b  the  "  entrance  velocity  "  is  c2a  ;  therefore, 
we  have 

^  (*"' 2~ '"')  =  V  -  ** C1"*) 

for  the  rotating  wheel  b  again 


and  so  on.     For  the   calculation  we  recommend  working   in  heat 
units  as  we  then  deal  with  small  figures.     The  expressions  on  the 
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left  sides  can  each  be  written  in  French  units  with  A  =  ^^  heat 
units,  as 

A 

or  in  English  units  with  A  =  Y|g  heat  units, 


=  fe) <*> 


Acl  =  [  C*  V 

2g      V223.7/ 

which  simplifies  the  calculation. 

The  design  of  a  neiv  turbine  is  most  easily  accomplished,  when 
we  choose  the  velocity  cls  the  angle  a,  the  variable  peripheral  veloc- 
ity u,  and  the  exit  angle  <x2  from  wheel  to  wheel,  according  to  a 
certain  plan,  so  that  by  means  of  simple  triangulation  wlf  au  w2, 
and  c2  can  be  found.  Equation  1  then  gives  the  differences  \J  —  \bt 
\b  —  \b',  which  we  will  designate  by  ///,  hh"  and  call  it  in  short, 
the  "drop  of  heat  "  (analogous  to  a  hydraulic  drop). 
Then 

hx  =  kj  +  hx" (3) 

represents  for  the  turbine  x  utilized  single  "drops." 

THE   AVAILABLE    "TOTAL   DROP." 

The  available  total  drop  is  determined  from  the  following  data  : 
the  known  results  of  steam  consumption  of  existing  turbines  indi- 
cate, that  in  general,  with  full  load  on  the  turbine  blades,  we  must 
expect  a  loss  of  energy  from  20  to  30%.     To  this  loss  is  added  the 

2 

kinetic  energy  of  exhaust  steam  =  — —  (where  e2  is  the  outflow  ve- 

locity  of  the  last  rotating  wheel),  for  which  with  small  turbines  we 
can  allow  10%,  and  with  larger  ones  about  5%.  The  friction  of 
the  drums  or  wheels  and  that  of  the  face  area  of  the  blades  against 
the  steam,  and  the  friction  of  the  bearings,  all  of  which  are  difficult 
to  estimate,  we  shall  assume  at  from  10  to  7%.  Finally,  the  loss 
due  to  leakage  should  be  added,  which  will  be  different  according 
to  the  turbine  system,  and  might  be  anywhere  from   10   to  5%. 
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We  allow  for  these  losses  by  adding  their  corresponding  values 
finally  to  the  theoretically  required  steam  volume,  but  the  veloci- 
ties and  cross-sections  are  calculated  with  the  theoretical  volume. 
The  total  loss  varies  between  55  and  35%  for  small  or  large  units, 
respectively. 

If  the  condenser  pressure  is  chosen  p2  =  0.1  kg.  per  sq.  cm. 
(1.42  lb.  per  sq.  in.)  or  less,  we  then  calculate  the  corresponding 
heat  contents  \2'  of  the  adiabatic  frictionless  expansion  from  px  to  p2. 

It  gives 

H§  =  \  —  V (4) 

as  the  "  tJieorctical  drop  of  heat."      From  this  is  lost  the  part 

KH=Z (4a) 

with  f  =  0.2  to  0.3,  and  there  remains  as  "useful  drop  " 

//„.  =  (1  -  £)  H, (5) 

whicn  serves  for  producing  the  velocities,  and  from  which  the  ex- 
haust losses  and  the  wheel  frictions  are  to  be  deducted,  and  for 
furnishing  the  delivered  effective  power  from  the  actual  working 
steam  volume.  We  can  now  arrange  as  many  turbines  consecu- 
tively as  the  separate  drops  lia,  lih,  //,.,  .  .  .  combined  can  utilize  the 
useful  drop  corresponding  to  that  velocity  height  in  heat  units  at 
entrance  to  the  first  guide  wheel 

that  is,  until 

*i-M«  +  *»  +  V*  '  =H* (6) 

If  we  could  specify  equal  velocities  for  entire  groiLps  of  single 
wheels ,  then  the  turbine  can  be  calculated  in  this  manner  without 
much  trouble. 

In  general,  however,  we  allow  the  velocities  to  increase  con- 
stantly, and  for  fifty  or  more  stages  this  calculation  would  become 
too  inconvenient,  and  we  find  for  such  a  graphical  determination. 
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GRAPHICAL    DETERMINATION. 


We  replace  by  this  method,  instead  of  the  usual  application  of 
small  differences  by  differentiation,  an  easy  graphical  integration. 
We  next  assume  the  separate  turbines  represented  by  the  equal 
(but  yet  unknown)  distances  of  the  division   points   on  the  base 


heat  units 
100 


heat  units 


Fig.  59. 

line  B,  (Fig.  59).  In  these  division  points,  as  will  be  explained 
below,  we  shall  draw  as  ordinates  the  velocities,  pressures,  and 
"drops"  of  the  turbine  under  consideration.  We  begin  with  the 
choice  of  peripheral  velocity  u. 


CHOICE   OF   PERIPHERAL   VELOCITY   («). 

The  larger  this  may  be,  the  better  the  steam  utilization ;  still 
there  is  a  limit  placed  by  two  considerations.  The  entrance  cross- 
section  that  can  be  calculated  at  the  very  beginning  from  the  ex- 
pected efficiency  and  power  (therefore  the  steam  volume),  is  at 
1  000  h.  p.  so  small  that  with  about  1  500  revolutions  and  over  50 
meters  (164  feet)  peripheral  velocity,  the  blades  with  full  peripheral 
admission  turbines,  are  only  a  few  millimeters  long.  As,  for  in- 
stance,  with  the  Parsons  construction  the  clearance  x  in  Fig.  60, 
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Guide  Wheels 


between  the  blade  and  casings  or  drum  respectively,  is  a  place 
where  leakage  occurs  ;  we  would  not  wish  to  make  the  ratio  of 
this  clearance  space  to  blade  length  less  than  -^  to  -J^,  whereby 

(by  similarity  of  the  ratio  of  the  guide 
and  rotating  wheel  blades)  the  loss 
due  to  clearance  would  be  from  4  to 
5%.  This  leads  us,  to  begin  at  times 
with  velocities  of  35  to  40  meters 
(114.8-131.2  ft.).  With  the  long 
blades  of  the  last  wheel  the  clearance 
would  be  of  small  consequence ;  here  u 
would  be  chosen  as  large  as  the  sta- 
bility of  the  wheels  and  blade  attachments  would  admit.  From 
the  small  initial  value,  u  then  increases  in  stages,  as  Fig.  59  shows, 
to  the  final  value. 


Rotating  Wheels 

Fig.  60. 


CHOICE  OF  ANGLES. 

The  smaller  the  exit  angles  of  guide  and  rotating  wheels,  that 
is,  a  and  a2,  the  more  drop  we  utilize  with  given  steam  and  per- 
ipheral velocity,  and  the  smaller  will  be  the  number  of  stages  that 
would  be  favorable.  Too  small  angles  require  narrow  and  long 
channels,  thereby  increasing  the  steam  friction,  and  require,  on 
account  of  the  proportionately  large  blade  thickness,  larger  cross- 
sections,  and  consequently  produce  eddy  currents.  As  a  practical 
mean  we  would  have,  with  reaction  turbines,  the  value  20°  to  25°. 
With  impulse  turbines  we  find  a2  larger,  mostly  =  ax. 


THE  CHOICE   OF  STEAM   VELOCITIES. 


The  choice  of  steam  velocities  is  governed  by  the  desire  to  get 
a  turbine  with  the  smallest  possible  friction  losses.  As  the  friction 
increases  with  the  square  of  the  velocity  and  with  the  length  of 
the  friction  path,  that  is,  with  the  number  of  turbines,  there  will 
be  a  favorable  value  for  clt  but  which  still  cannot  be  exactly  found. 
If  we  make  cx  small,  so  that,  as  with  hydraulic  turbines,  c2  would 
have  an  axial  direction,  then  we  would  use  too  small  a  drop  in 
one  wheel  and  obtain  too  many  stages,  too  large  a  friction  path, 
and  above  all  too  many  blade  shocks,  that  play  a  certain   part  in 


C'-^ 

,^M 

Cysts'           -J^-SL 

^«    ^^  ^ 3^ 

e.-^        „'>^ 

^        .5^ 
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Hm 
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the  losses  due  to  back  pressure.  If  we  make  cx  large,  then  few- 
wheels  are  obtained,  but  the  friction  increases  because  c2  increases 
too  quickly.      There  appears  to  be  a  correct  practical  mean  for  re- 

action    turbines,    of    —  =  0.5   .  .   .   0.3  ;  for  impulse  turbines,  still 

C\ 

less.  We  allow  cx  in  Fig.  59  to  increase  approximately  according 
to  a  hyperbolic  curve 
which  rises  towards  the 
end  too  rapidly.  The 
final  value  of  cx  is  deter- 
mined by  taking  into  con- 
sideration the  exhaust 
loss  and  the  usually 
too  great  blade  lengths 
of    the    last    wheel.  Fi&  61* 

The      combination 
for  several  turbines  a,  ft,   y,  8  ...  of  the  value  cY  with  —  u  gives 
in  the  velocity  diagram,    Fig.  61,   (of   which  it  is  sufficient  when 
a  =  a2,  to  draw  only  one-half)  the  velocity  wx. 

We  are  free  to  choose  the  pressure  in  the  clearance    space. 
The  simplest  would  be  to  work  with  the  assumption  that 


a  =  a2,  w2  =  clf  c2  =  w1    .     .     .     .      (7) 


that  is,  to  assume  the  axial  components  ca  of  the  four  velocities  clt 
Wi,  w2,  c2  equally  large.  If  we  prescribe  equal  number  of  blades 
and  blade  thicknesses  in  guide  and  rotating  wheels,  and  neglect  the 
very  small  change  of  specific  volume  occasioned  by  flowing  through 
a  turbine  system,  then  the  blades  of  such  a  system  need  not  be 
widened  radially.  We  also  can  design  the  guide  and  rotating 
wheel  blades  with  the  same  profile.  With  a  large  number  of 
stages-  the  exit  velocity  c2  of  a  certain  wheel  differs  only  slightly 
from  tlie  exit  velocity  of  the  preceding  turbine.  We  may  neglect 
this  difference  entirely,  and  place  for  instance,  referring  to  the  sys- 
tems #and  b,  the  value  c2a  =  c2b,  so  that  in  equation  1,  clb  —  c2a2 
=  clb  —  c2b.  If  we  omit  the  index  b,  then  the  equations  may  be 
written,  taking  into  account  equation  7, 
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It  =  A  c> 


*g 


±=  A 


*g 


„>=Aw*t-w? 

%g 


(8) 


*g      ) 


then  hi  =  //',  and  we  have  half  reaction  degree.     By  addition  we 
get  the  single  drop  for  a  guide  and  rotating  wheel  together  as 


r  2  —  it}  2 

2g 


(9) 


By  going  from  the  last  wheel  of  a  group  with  equal  u  to  the 
first  wheel  of  the  succeeding,  there  occurs  on  account  of  the  sud- 
den change  of  u  a  sudden  change  in  hy  which  is  worthy  of  notice. 
The  values  of  h  that  occur  at  the  places  referred  to,  give  the 
curve  of  single  drop  (Ji)>  of  which  it  is  sufficient  to  determine  about 
three  points  for  each  group.* 


*  We  would  save  time  if  we  would  represent  the  drop  h  in  the  form  as  shown  in 
Fig.  62,  and  write 

c2  —  w2 

h  =  A  - 1~ 


(V/  2  +  c"  2)  -  (wx'2  +  c"  2) 


o 

and  observe  that  the  geometrical  mean 
(c/  +  w/)  (V/  —  wx')  may  be  found 
graphically  by  drawing  an  arc  with  cx'  as 
a  radius  from  0y  as  center,  and  drop  a 
vertical  line  from  wx'.  This  vertical  line 
cx  extending  to  the  arc  is  the  desired 
mean,  that  is  in  French  units 


h  =  2A 


V  V91-2/ 


heat  units 


2A^=  2 
2g 


\  223.7/ 


heat  units. 
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THE   TOTAL   NUMBER  OF   STAGES. 

In  the  above  method  of  calculation  the  entrance  velocity  e2a  for 
the  first  guide  wheel  was  also  assumed.  To  accelerate  the  steam 
from  the  chamber  to  this  velocity,  we  need  the  use  of  a  drop 

>h  =  AC£- .     (10) 

and  the  total  number  of  stages  is  now  to  be  determined  from  the 
consideration,  that  the  sum  of  the  individual  drops  h  corresponding 
to  the  velocity  height  //0  gives  the  working  drop  Hw  ; 


/i,+%h  =  Hw (11) 

i 

The  unknown  distance  of  the  points  of  the  turbines  represented  on 
base  line  B  is  now 

Ax  =  - (12) 


Z< 


where  z0  stands  for  the  number  of  stages. 

If  we  bring  Ax  in  the  numerator  and  denominator  of  the  second 
part  of  equation  11  as  a  factor,  it  follows 


„         %hAx 

J^w  =  — : 

Ax 


-f-  h0  =  \  hi  Ax  +  h2  Ax  +  •  •  ■  hz  Ax    ^   +  h0 .    (13) 


The  sum  of  the  numerator  can  approximately  be  superseded  by 
the  integral 


s: 


h  dx, 

o 


that  is,  by  the  contents  of  the  sectioned  area  limited  by  //  in  Fig. 
59.  The  division  by  B  gives  the  mean  heat  drop  hm;  we  have, 
therefore, 

Hw  —  z0hm  +h0, 
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from  which  the  number  of  stages 

z0=  H«  ~h  or  simply  go  J^      ....      (14) 


hm  "  h 


m 


with  the  usually  allowable  negligence  of  /iQ. 

We  then  divide  B  into  #„  equal  parts,  and  the  beginning  of  each 
group  is  moved  to  one  of  these  division  points. 


DETERMINATION     OF     DISTRIBUTION     OF     PRESSURE     AND     BLADE 

DIMENSIONS. 

The  former  depends  upon  the  laws  of  the  division  of  the  steam 
friction  losses  among  the  individual  wheels.  The  steam  friction 
is  influenced  by  the  width  and  length  of  the  blade  channels,  and 
depends  upon  the  degree  of  bending,  and  above  all  upon  the 
velocity.  It  is  permissible  to  take  the  friction  losses  in  a  wheel  as 
a  ratio  to  the  mean  of  the  square  of  the  velocities,  or 

Rl  =  A^^, 
2g 

in  which  cm  is  a  mean  value  of  the  steam  velocity.  As  all  veloci- 
ties of  the  same  wheel  stand  in  a  fixed  ratio  to  one  another,  we 
also  can  say 

Ri  =  A  Si'  / 


2  i 


with  an  assumed  empirical  and  unchangeable  coefficient  f/.  If  we 
add  the  friction  heats  from  the  first  to  a  certain  intermediate  wheel 
x,  we  have 

ZR^A^lf^Aj^lc^x^A^-  fcSdx.      (15) 
i  2g  2gAx0  2gAxJ0 

This  quantity  of  heat  must  be  carried  into  the  entropy  diagram, 
Fig.  63  as  Rx  in  the  manner  before  described,  in  order  to  get  the 
point  Px  of  the  true  condition  curve  at  the  referred-to  intermediate 
pressure  px.  As  we  do  not  know  which  pressure  px  belongs  to  the 
abscissa  x,  we  must  assume  the  course  of  the  condition  curve  for 
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trial,  so  that  the  increase  of  cx  corresponds  to  the  loss  towards  the 
end.  As  the  result  teaches,  good  performance  is  reached  when 
the  energy  loss  is  represented  (Fig. 
3)  in  heat  units 

in  which  £  is  the   unchangeable  loss     /  $ 
coefficient  defined  by  equation  5,  and 
\J  the    heat   contents  of    adiabatic     /    « 
expansion  at  the  assumed  pressure 
px   at    point   PJ.      The   points   Px    *f0'  a, 
determine  pressure,  temperature,  / & 

quality  of  steam,  and  steam  heat  of 
the  true  condition  change.* 
Especially  is 

K  =  V  +  Q*. 

and  at  P2,  that  is,  the  condenser 
pressure,  Qx  =  Z,  therefore  as  re- 
quired, equal  to  the  total  energy  loss. 
At  expansion  to  the  pressure  px 
the  available  steam  heat  or  the  drop  ^ 
of  heat  is 


Hx=\ 


(16) 


Fig.  63. 


and  this  is  represented  in  Fig.  64  as  a  function  of  px.     For  /  =  pY 
is  obviously  Hx  =  0  ;  for/  =/2,  Hx  =  Hw. 


*  If  P^  is  in  the  superheated  territory,  we  obtain  from  the  adiabatic  temperature 
Tx  the  true  temperature  Tz,  from  the  formula 

Q*  =  c   (Tx-  Tx'). 

If  P^  lies  in  the  saturated  territory,  we  obtain  the  quality  of  steam  x  from  the 
equation 

Qx  =  rx  (x  -*'). 


which  x/  is  the  quality  of  steam  on  the  adiabatic. 
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And  now  to  find  the  corresponding  pressure  for  the  xth  turbine, 
we  must  take  the  sum  of  the  utilized  drops  to  the  x\W  wheel, 
that  is, 

Hx  =  h0  +  hi  +  h2  +  •  •  •  hx_it 


or  when  we  again  multiply  and  divide  by  Ax 

%h  Ax 


H, 


Ax 


1    C  z   c 

+  h  =  —   I    hdx  +  h0  =  -£  I     hdx, 
Ax  J i  BJX 


atm.  absolute  12 


Fig.  64. 

that  is,  we  must  draw  the  integral  curve  h  which  would  give  the 
end  point  corresponding  to  Hw,  and  insert  it  in  Fig.  59.  Now  we 
have  to  look  up  in  Fig.  64  the  px  corresponding  to  Hx  and  place  it 
in  Fig.  59  as  ordinate  to  the  corresponding  abscissa  x.  To  avoid 
drawing  too  many  curves,  this  has  been  drawn  in  Fig.  65. 

From  the  now  known  px  Tx  of  the  trial  condition  curve  we 
obtain  finally  the  specific  volume  vx  at  the  corresponding  place. 
If  Gsc  lb.  (or  kilograms)  is  to  flow  through  the  wheel  in  one 
second,  we  get  from  the  law  of  continuity  the  cross-sections  : 
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Exit  from  the  #th  guide  wheel  .  . 
Exit  from  the  xth.  rotating  wheel  . 

Entrance  in  the  xth.  guide  wheel  . 
Entrance  in  the  xth.  rotating  wheel 


A 


V- 


Gscvx 


\x 


Gxr  vx 


wlt 
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(18) 

(19) 


We  may,  as  has  been  remarked,  take  no  note  of  a  change  of  v 
inside  of  a  turbine ;  still  nothing  prevents  us  from  carrying  our 
calculations  to  any  degree  of  exactness.     From  the  assumed  blade 
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Fig.  65. 

thickness,  division  and  angles,  we  can  get  the  blade  lengths.  If 
the  blades  were  infinitely  thin,  we  would  have  with  a  blade 
length  a0, 

fi=z  irD  a0  sin  a 

On  account  of  the  decrease  in  width  due  to  the  blade  thickness, 
and  the  blades  of  the  guide  wheel  running  past,  a0  must  be  in- 
creased in  cross-section  to  about  1^  times.     The  value 


A 


=  7T  D  a* 


sin  a 


is  inserted  in  Fig.  65  as  the  axial  clear  cross-section. 

The    example   solved  in   Figs.    59    to    65    is    referred  to    the 
initial  data  px  =  12  kg.  per  sq.   cm.   absolute  (170.7   lb.  per  sq. 
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in.  absolute),  tx  =  300°  C.  (572°  F.) ;  the  condenser  pressure 
/2  =  0.1  kg.  per  sq.  cm.  (1.42  lb.  per  sq.  in.)  and  the  loss  of 
energy  f=0.25.  Finally,  the  friction  heat  was  determined  accord- 
ing to  equation  15 


Zg  Ax 


and  was  drawn  in  Fig.  59  to  such  a  scale  that  Hw  and  the  total 
value  R  coincided.  We  must  now  compare  from  the  entropy  dia- 
gram by  measuring  the  vertically  sectioned  area  which  was  used 
to  get  the  line  Rx  with  the  value  that  has  already  been  obtained. 
If  the  assumption  of  the  condition  curve  was  correct,  then  the 
curves  of  Rx  must  coincide.  To  be  more  exact,  would  only  be  of 
use  if  we  knew  more  about  the  value  of  the  coefficient  of  resis- 
tances. We  shall  also  neglect  including  a  part  of  the  wheel  fric- 
tion in  Rx. 

Instead  of  a  constantly  variable  blade  length  we  will  choose 
longer  or  shorter  divisions  and  make  changes  in  the  choice  of  cl9 
so  that  for  larger  divisions  of  turbine  lengths  constant  cross-sections 
are  obtained. 

Let  the  final  exit  velocity  =  c2z)  then  the  total  losses  in  heat 
units  for  one  pound  (or  kilogram)  of  steam  are 


H,  =  Q,  +  a(^1) (20) 


The  available  energy  is 

Ho  =  \  —  X2 , 
and 

Ht  =  H9-Hg: (21) 

is  the  " indicated"  steam  work  in  heat  units;  therefore 

Li=^ (22) 


is  the  same  in  ft. -lbs.   or  meter  kilograms  per  lb.  or  kilogram  of 
steam.      From  this  we  obtain  the  indicated  power  in  h.  p. 
In  the  French  units 

AT,  =  %^' (23) 
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in  the  English  units 

_  GJU 

*  ~  550 

The  efficiency  of  the  indicated  work  is 

*  =  § (24) 

The  consumption  of  steam  per  indicated  h.  p.  hour  in  the 
French  units  is, 

3  600£s,        270  000        637 

in  the  English  units 

_        3  600  Gsc      1  980  000       2  544.65 

T) .  =  ic  —  =   . 

The  other  work  of  friction,  such  as  steam  friction  of  the  drums, 
blade  face  areas,  stuffing  boxes,  including  the  work  required  for 
running  without  load  (that  is,  journal  friction  and  the  like),  is  in 
h.  p.  Nr\  then  follows  the  effective  power  in  h. p. 

Ne  =  N(-Nr (26) 

and  the  steam  consumption  per  h.  p.6  hour 

£>e  =  3  600^ (27) 

30.   THE   MANY   STAGE   IMPULSE   TURBINE. 

The  many  stage  impulse  turbine  is  calculated  in  a  similar  man- 
ner, provided  the  exhaust  velocity  c2  can  be  utilized.  This  is  true 
above  all,  for  full  peripheral  admission  of  the  so-called  limit  turbine. 
The  choice  of  velocities  and  the  construction  of  the  condition  curve 
is  obtained  as  before. 

The  drop  of  heat  in  the  guide  wheel  has,  with  the  same  assump- 
tions as  with  the  reaction  turbine,  the  value 

O  9 


h'  =  A^^L- (1) 
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'  As  we  should  choose  w2  about  =  0.8  «/,,  there  occurs  no  accel- 
eration in  the  rotating  wheel,  but  rather  a  transformation  of  kinetic 
energy  into  heat ;  that  is, 

,,,=.4;v-v (2) 

therefore  negative  in  value.     The  single  drop  for  a  turbine  system  is 

h  =  h'  +  h" 

and  is  therefore  smaller  than  //. 

But  if  the  construction  does  not  permit  of  entire  utilization  of 

c  2 
c2,  then  we  could  use  of  the  exit  energy  of  a  wheel,  that  is  — — ,  only 

the  value 

for  the  succeeding  guide  wheel,  in  which  the  value  of  f  is  estimated. 

For  a  turbine  with  radial  entrance,  for  instance,  the  steam  would 
have  to  travel  such  long  paths  to  the  next  guide  wheel,  that  we 
can  place  f  =  1,  that  is,  the  entire  exit  energy  must  be  considered 
as  lost.  With  axial  turbines,  closely  following  each  other,  f  be- 
comes smaller  the  more  they  approach  full  peripheral  admission. 
The  high  pressure  wheels  have  admission  only  for  a  small  part  of 
the  circumference,  in  order  to  gain  longer  blades  and  have  the 
advantage  that  at  the  beginning  they  can  work  immediately  with 
high  peripheral  velocity.  Here  f  could  also  approach  unity.  It  is 
therefore  important  for  turbines  of  this  type  to  keep  u  large,  and 
the  angle  a2  small,  in  order  that  c2  will  be  small,  and  can  be  omitted 
without  harm. 

After  we  have  fixed  upon  f ,  we  get  for  the  guide  wheel 

h'  =  AC'~  (1~  ?)^2 (47) 


(in  which  we  neglect  the  difference  between  c2  for  two  successive 
turbines).     In  the  rotating  wheel  we  have  as  before, 

h»  =  AW'-W'    ......     (48) 

2# 
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From  the  exit  of  the  rotating  wheel  up  to  the  entrance  in  the  guide 
wheel  there  would  be  added  (algebraically),  as  third  drop 


=  a[(1 


=.-*Mf-     •     •     (49) 


Finally,  there  must  be  added,  with  turbines  that  are  composed  of 
single  discs,  the  steam  friction  of  the  wheel  in  question,  Lrx  in  heat 
units  per  second,  divided  by  the  steam  weight  per  second  G,  which 
must  at  present  be  estimated  ;  that  is 

K  =  ^ (50) 

The  hereby  necessary  knowledge  of  the  values  of  the  steam 
pressures  can  be  obtained  by  a  -temporarily  approximate  solution. 
The  single  drops  or  losses 

*-*'  +  *?  +  *'"+  hr  =  A|^2  _  c*)  -  (w*  -  ^22)]  +  hr     (51) 

are  independent  of  the  value  f,  by  which  we  do  not  mean  to  say 
that  these  are  not  dependent  on  it.  The  number  of  stages  will 
remain  the  same,  still  the  greater  f  the  more  the  entropy  increases, 
and  the  greater  therefore  are  also  the  final  losses. 

In  impulse  turbines,  partial  peripheral  admission  is  permissible 
and  is  generally  used.  It  has  the  advantage  that  we  can  work 
with  larger  peripheral  velocities  (60  -  80  m.)  (196.9  —  262.5  ft.) 
starting  from  the  first  wheel,  whereby  the  number  of  stages  is 
greatly  decreased. 


31.    MANY  STAGE  TURBINES  WITH  CONSTANTLY  VARIABLE 
PERIPHERAL  AND  STEAM  VELOCITIES. 

THE   HYPERBOLIC    TURBINE. 

This  turbine  type  is  not  recommended  for  construction  because 
it  would  constantly  lead  to  sudden  changes  of  u.  But  an  especially 
simple  example  of  such  a  turbine  type  will  aid  to  a  better  under- 
standing of  the  conditions  of  many  stage  expansion.  We  shall 
assume  that  21,  as  well  as  cx  increases  according  to  a  hyperbolic  law, 
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in  which  we  give  the  velocities  at  the  distance  x  along  the  base  £, 
measured  from  the  beginning,  the  values 


ux  = ,        clx  = .     .     .     .      (1) 

in  which  a,  b,  xx ,  are  determined  from  the  smallest  and  the  largest 
values  of  the  peripheral  velocity,  namely  ti  =  ulf  for  x  =  0 ;  and 
u  =  n2  for  x  =  B,  and  from  the  initial  value  of  clx,  which  we  will 


call  cx . 

We  find 

xl-  B 

u2 

a-  B 

ulu2 

U2  —  Ui  U2  —  Ui  U\ 

and  the  last  entrance  velocity  clM  becomes 


•     (2) 


u2 

C\z  —  C\  

The  velocities  clx  and  ux  are  proportional. 

We  shall  assume  a  turbine,  in  which  the  axial  components  of  clf 
wXi  w2,  c2  are  equal,  and  with  impulse  turbines,  ax  =  a2,  with  re- 
action turbines  a  =  a2,  and  the  angles  for  all  wheels  are  equal. 
The  drop  of  heat  per  single  turbine  is  found,  after  easy  transposi- 
tion, for  impulse  turbines  as 

ha  =  -(2clxcosa-2ux)ux (3) 

g 

for  reaction  turbines  as 

K  =  —{2clx  cos  a  —  ux)  ux (4) 

o 

The  number  of  stages  is  determined  by  neglecting  /i0  from  the 
equation 

1  z     CP 

Hw  =  $hx  =  —  %hxAx=^  /  hxdx  =  z,hm     .     .     (5) 
Ax  B  J0 

From  this  follows  that  the  mean  drop 

i  cB 

4  /  Kdx (6) 


B 

hm  = 
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which  is  analytically  determinable,  and  is  expressed  by  means  of 
the  geometrical  mean  of  the  initial  and  final  velocities  uy  and  ?/2  as 
well  as  cx  and  clz,  that  is,  by 


ci  m  —  vci  ci  z 
We  get  with  impulse  turbines 


(7) 


Km  =  -  (zclm  cos  a  -  2  um)  um     .     .     .     .     (8) 

o 

with  reaction  turbines, 

hrm  =  —  (2clm  COS  tt  -  Um)  Um        ....       (9) 
o 

From  this  follows  the  important  conclusion:  In  the  "hyper- 
bolic turbine  "  the  mean  zvJieel  drop,  therefore  also  the  number  of 
stages  of  the  same,  is  as  though  all  wheels  work  with  the  {constant) 
geometrical  mean  of  the  initial  and  final  values  of  the  peripheral 
and  steam  velocities. 

We  can  also  prove  that  with  equal  width  of  blades,  and  so  long 
as  we  can  estimate  values  of  friction  so  that  it  is  proportional  to  the 
blade  breadth  and  the  square  of  the  steam  velocities,  and  in  case 

ti 
the  ratio  — —  remains  unchanged,  the  total  work  of  steam  friction, 

Cx 

of  a  turbine  does  not  depend  on  the  absolute  values  of  the  velocities, 
and  is  equally  large  whether  many  or  few  stages  be  chosen. 

This  is  of  great  value  in  the  construction  of  the  many  stage 
turbine  under  the  assumption  of  a  constant  resistance  coefficient 
derived  from  the  stated  hypothetical  solution.  Theoretically  it  is 
allowable,  by  increasing  the  number  of  stages,  to  decrease  the  ve- 
locities to  any  desired  value.  But  we  should  observe  that  this  refers 
to  any  system  (therefore  to  such  as  have  equal  degree  of  reaction), 
and  the  friction  of  the  drums  or  wheels  is  not  taken  into  account. 
In  various  systems  the  work  of  friction  would  vary  and  must  be  cal- 
culated individually. 

RADIAL   TURBINES. 

Let  \0,  \lf  \2  be  the  heat  contents  of  steam  at  entrance  to  the 
guide  wheel,  at  entrance  to  the  rotating  wheel,  and  at  exit  from  the 
latter,  respectively  ;  r0,  rlt  r2,  and  further,  u0,  ux,  u2  the  correspond- 
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ing  radii  and  peripheral  velocities  of  a  radial  steam  admission  turbine. 
For  the  flow  in  the  guide  wheel  we  get  as  before 

g-iH(Wi) (l) 

But  for  the  flow  in  the  rotating  wheel  we  must  take  into  con- 
sideration the  work  of  the  supplementary  forces  of  relative  motion, 
that  is,  the  contrifugal  force,  and  we  get  * 

w2  _  w2  u2  -  u2      • 

*i      2-g-^-X^-2T      '     *      '     '     (2) 

With  a  single  stage  turbine  we  can  usually  neglect  the  last  part 
of  the  equation  ;  with  many  stages,  not  without  further  consider- 
ation. Through  addition  of  both  equations  1  and  2  we  get  the 
single  drop  of  one  stage 

h  =  \  -  X2  =  A  l(c*  -  f„2)  +  (w./  -  V)  -  («22  -  «i2)l      (3) 

•"  5  L  J 

The  summation  of  all  stages  leads  to  the  "  useful  drop  " 

Hw  =  h0  +  3  h, 

where  h0  stands  for  the  former  defined  drop  for  the  entrance  in  the 
first  guide  wheel.     In  the  sum  2  //  there  appears  also  —  %  (u22  —  u2), 


*  Taking  into  consideration  the  results  in  Article  14,  we  have: 
The  work  of  contrifugal  force  on  a  mass  element  dm,  whose  distance  from  the 
turning  axis  increases  from  ra  to  rw  with  an  angular  velocity  «,  is 


%J  r 


dm.  r  w2  dr  =  — ^—  (re2  —  ra2). 


If  we  imagine  in  Fig.  22,  the  entire  enclosed  mass  between  the  cross-sections  A\y 
A<l  ,  in  rotation  around  a  fixed  axis,  then  the  work  of  the  contrifugal  force  upon  the 
same 

=  2  \  dm  u?  (re2  -  ra2)  =  ?.±dmw2re2-  X\dm  w2  r  2  =  2  \  dm  ue2  =  L\dmu2. 

Herein  the  first  sum  is  the  negative  "potential  energy"  of  the  mass  system  at  the 
end  of  the  occurrence;  the  second  sum  is  the  same  at  the  beginning  of  the  occurrence, 
taking  into  account  the  direction  of  the  rotation.  We  observe  a  constant  flow  and  a 
movement  of  the  cross-section  A±  A^  to  B\  B2 ;  herewith  the  potential  energy  of  the 
mass  particles  contained  between  the  planes  B\  and  A%  in  the  initial  and  final  con- 
ditions balance  each  other,  and  there  remains  only 

ldG   .      2       1  dG 

-  —  dt  u22--  —  dt  u2, 

2    g         2        2    g 

which  when  added  to  the  work  of  the  upper  surface  forces  in  equation  1,  Article  14, 
will  give  the  above  equation. 
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which  cannot  be  neglected  without  further  consideration,  because 
the  single  sums  are  small.  If  we  assume  that  all  stages  (radial) 
follow  one  another  closely,  and  if  we  say  that  approximately 

we  get 

2  (w22  -  ux2)  =  -  S  {u22  -  u02), 

in  which,  if  we  add  through  all  the  stages,  the  intermediate  parts 
of  the  equation  eliminate  one  another  we  will  have  left  only 

|(«/-V) (4) 

in  which  ue  is  the  velocity  of  the  last  wheel  and  ua  the  velocity  of 
the  first  wheel,  and  this  part  of  the  equation  can  be  under  certain 
circumstances  of  importance. 

The  construction  of  a  new  turbine  does  not  offer  any  serious 
difficulties  when,  with  the  use  of  Fig.  59,  etc.,  we  follow  the 
method  formerly  explained. 

Lately  Brady  suggested  a  radial  turbine,  in  which  the  guide 
and  the  rotating  wheels  rotate  with  equal,  but  opposite  angular  veloc- 
ity. Here  Formula  2  is  applicable  for  the  movement  between  the 
blades  of  the  guide  as  well  as  the  rotating  wheels,  and  the  drop  of 
heat  for  one  stage  becomes 


h 


g-    (V  -  c£)  +  (w2  -  w2)  -  {u2  -  u2)    .     .     (5) 

The  summation  through  all  stages  gives,  for  the  influence  of 
the  peripheral  velocity,  the  factor 

Sff,' -«•*»*?-«.' (6) 

By  drawing  the  triangle  of  velocities  for  a  turbine  of  Brady  s 
system  we  must  also  observe  that  we  must  combine  for  a  trial  cx 
with  the  negative  ux  (referred  to  the  rotating  wheel)  in  order  to 
obtain  the  absolute  exit  velocity  from  the  guide  wheel.  The 
(geometric)  use  of  —  ux  gives  first  wlt  etc.,  not  taking  into  account 
the  small  part  of  the  work  of  centrifugal  force  (Equation  6 )  ;  the 
rotation  of  the  guide  wheel  acts  just  as  a  doubling  of  the  peripheral 
velocity  ;  or  we  can,  with  a  given  velocity,  decrease  the  revolutions 
one-half. 
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32.    MOLLIER'S  DIAGRAM   FOR  SATURATED  STEAM.* 

If  we  fix  upon  a  certain  condition  of  the  steam  (0°  C.  and  1 
kg.  per  sq.  cm.  pressure,  as  is  usual)  as  an  initial  point,  then  with 
any  other  condition,  the  steam  contents  or  total  heat  of  the  steam, 
as  well  as  the  entropy,  will  have  one  and  only  one  certain  value. 

Mollier  uses  the  heat  contents  of  a  condition  of  steam  deter- 
mined by/  and  v  as  the  ordinate,  and  the  entropy  as  the  abscissa 
of  a  right  angled  coordinate  system,  in  which  any  condition  of  the 
steam  can  be  expressed  by  a  point  in  this  plane.  The  points  of 
equal  pressure  are  connected  and  there  results  a  series  of  curves  in 
which  p  =  constant.  Similarly  the  curves  T=  constant  and;tr  = 
constant  can  be  found,  from  which  results  an  especially  useful  dia- 
gram for  steam  turbine  calculations. 

A  vertical  line  in  the  diagram  expresses  the  equation  5=  con- 
stant ;  that  is,  it  expresses,  as  in  the  ordinary  entropy  diagram,  the 
reversible  adiabatic,  and  also  the  flow  without  losses  in  a  nozzle. 
The  expansion  from  condition  AY  with  the  pressure px  to  the  pres- 
sure p2  (See  Fig.  66)  leads,  by  drawing  the  vertical  from  Ax  to  the 
point  A2'  ;  and  the  decrease  of  heat  contents  is  the  distance  AXA{ 
which  can  be  read  along  the  margin  of  the  table  directly  in  heat 
units.  We  have,  therefore,  Ax  A2'  =  HQ  =  \  —  V  heat  units.  If 
the  initial  flow  velocity  were  equal  to  nothing,  then 

/  w   V  , 

\9L2/  =H*>  w  =  »l-2v®;. 

Mollier  has  also  added  along  the  left  margin  of  the  table  a  scale 
of  velocities  so  that  w  can  be  directly  ascertained. 

The  horizontal  lines  play  an  especially  important  part.  For 
these  \  =  constant,  that  is,  the  heat  contents  or  total  heat  of  steam 
in  the  initial  condition  is  equal  to  that  in  the  final  condition.  As 
the  decrease  of  heat  contents  of  a  flow  without  addition  of  heat  and 
without  performing  work,  is  equal  to  the  increase  of  kinetic  energy, 
there  follows,  that  the  latter,  in  our  case,  through  friction  and 
eddy  currents,  is  again  entirely  retransposed  into  heat.  Such  a 
change  of  steam  condition  from  high  to  low  pressure  is  called 
throttling,  and  we  may  therefore  call  these  horizontal  lines  "  thrott- 


*  With  permission  of  Professor  Mollier. 
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ling  lines."  The  throttling  of  steam  pressure  plt  to  the  same 
final  pressure  p2  as  before,  gives  the  steam  condition  at  point  A3, 
Fig.  66  ;  and  we  can 
easily  determine  by 
means  of  the  table  the 
increase  of  the  quality 
of  steam  or  the  temper- 
ature. 

A  change  of  condi- 
tion of  any  certain  kind 
is  represented  by  a  curve 
which  combines  the 
points  representing  the 
successive  changes  of 
condition.  The  flow  in 
a  nozzle,  taking  into 
consideration  the  resist- 
ances, can,  for  instance,  be  represented  by  the  curve  Ax  B2,  Fig.  66, 
and  we  can  get  by  projecting  i?2  towards  A2  the  distance  A1A2i 
which  is  the  actual  decrease  of  heat  contents  or  total  heat,  there- 
fore, in  the  scale  of  the  velocities,  the  actual  final  velocity.  The 
loss  of  kinetic  energy  compared  to  flow  without  resistance,  is 

Hz  —  \2  —  V  =  %HQ  =  distance  A2'  A2 . 

In  the  reversed  order,  from  the  known  assumed  coefficient  of  losses 
£  the  distance  A2  A2  =  ^AXA2,  and  by  projecting  point  B2  over 
along  curve  /2=  constant,  the  final  condition  of  expansion  is  de- 
termined. 


DIAGRAM  FOR  SATURATED  STEAM  IN  ENGLISH  UNITS. 

A  diagram  similar  to  Mollier's  diagram,  but  in  English  units, 
has  been  prepared  by  the  translator.  To  correspond  with  the  dia- 
gram in  French  units,  32°  F.  and  14.22  lb.  per  square  inch  have 
been  taken  as  the  initial  point.  Along  the  left  margin  of  the  table 
is  a  scale  of  velocities  from  which  w  may  be  directly  ascertained  in 
feet,  provided  the  initial  flow  velocity  =  0. 
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In  Fig.  66, 

AXA{  =HQ  =  \  =  V    B.  t.  u. 

H*  =  {^>  ^=  223.7  V^, 

FINAL  CONDITION  OF  THE  STEAM  FOR  ANY  TURBINE  SYSTEM. 

Let  the  heat  contents  of  the  final  condition  of  the  steam  at  the 
prescribed  final  point  with  adiabatic  expansion  be  \/. 

The  estimated  loss  of  heat  Hz  =  £H0  gives  the  heat  con- 
tents X2  =  X/+  £7/0,  therefore  also  the  distance  Xx  —  X2  =  AYA2} 
Fig.  66.  Carrying  A2  along  the  horizontal  towards  B2  on  the 
curve  p2  =  constant,  will  determine  the  final  condition.  The  con- 
dition curve  must,  for  the  time  being,  be  estimated  and  drawn 
between  A1  and  B2 . 


APPLICATION  TO  THE  DESIGN  OF  STEAM  TURBINES, 
A.     SINGLE    STAGE    IMPULSE    TURBINE. 

The  condition  curve  AXB2,  Fig.  66,  as  mentioned  above,  per- 
mits the  calculation  of  the  steam  velocity  and  the  specific  volume 
for  any  intermediate  point,  from  which  may  be  found  the  shape  of 
the  nozzle,  the  velocity  diagram,  and  everything  else,  as  in  Arti- 
cle 27. 

B.     FEW    STAGE    IMPULSE    TURBINE. 

We  shall  confine  ourselves  to  the  case  where  the  exit  velocity 

from  each  rotating  wheel 
is  entirely  consumed  by  eddy 
currents.  The  determination 
of  the  final  point  Bk  of  con- 
dition curve,  Fig.  67,  follows 
as  above  and  gives  AxAk  =  Hw , 
as  available  drop  of  heat. 
We  divide  this  into  as  many 
equal  divisions  (or  divisions 
proportional  to  the  peripheral 
velocity),  as  there  are  stages, 
and  design  a  simple   turbine 

Entropy 

F.      nrr  for  each  division  drop. 
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C.     MANY    STAGE    TURBINE. 

The  approximate  method  of  procedure  given  in  Article  29  is 
again  used,  the  table  serving  only  as  a  means  for  drawing  the  con- 
dition curve,  and  for  determining  the  division  drop  Hx. 

The  ordinary  entropy  diagram  gives  the  best  representation  of 
the  change  of  heat.  The  diagram  of  Mollicr,  on  the  other  hand, 
has  the  advantage,  that  the  quantity  of  heat  can  be  determined  as 
distances  along  straight  lines. 

33.    THE  STEAM  FRICTION  OF  ROTATING  DISCS. 

The  resistances  that  a  turbine  wheel  experiences  while  rotating 
in  steam  can  be  divided  into  two  parts.  The  first,  that  which  is  in 
general  caused  by  the  smooth  discs,  and  second,  that  which  is 
caused  by  the  blades.  The  latter  can  be  determined  more  simply 
because  the  resistance  is  principally  caused  by  the  churning  or  fan 
work  of  the  blades.  In  observing  the  flow  of  air  against  an  unen- 
closed rotating  wheel,  (which  for  instance  could  very  easily  be  done 
by  means  of  a  small  tassel  that  is  fastened  to  a  wire  by  a  short 
thread)  we  find  that  the  disc  causes  only  small  velocities  in  almost 
radial  direction.  Even  to  about  two-thirds  of  the  blade  length  the 
velocity  remains  very  small,  with  of  course  a  somewhat  stronger  lean- 
ing towards  the  direction  of  the  circumference.  Only  in  the  last 
third  of  the  distance  does  the  air  flow  in  nearly  tangential  direction 
and  with  greater  velocity.  A  part  of  the  air  thrown  aside  returns 
in  regular  stream  paths  back  to  the  wheel. 

It  is  evident  that  an  unenclosed  wheel  absorbs  greater  work 
running  empty  than  a  wheel  that  is  enclosed  in  a  closely  fitted 
cover,  because  in  the  latter  case  the  air  is  prevented  from  circulat- 
ing freely. 

If  we  should  try  to  calculate  the  work  of  fan  resistance,  we 
would  soon  see  the  difficulties  of  such  a  trial.  At  one  time  the 
angle  of  the  blade  surfaces  is  unfavorable  (fortunately)  to  the 
entrance  of  the  air,  and  causes  an  eddy  current ;  and  then  there 
would  be  no  certain  path  for  the  flow  of  air  (or  steam)  and  we 
could  not  give  the  values  of  its  cross-section.  With  the  enclosed 
wheel  the  air  in  the  clearance  space  between  the  wheel  and  the 
cover  receives  a  considerable  velocity  that  can  be  utilized  at 
entrance  ;  still  we  are  not  able  to  estimate  its  value  accurately.     If 
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the  angles  at  entrance  to  and  exit  from  a  wheel  are  unequal,  then 
there  occurs,  as  observations  have  shown,  an  effect  similar  to  the 
axial  turbine  pump;  that  is,  there  occurs,  besides  the  ordinary  churn- 
ing effect,  an  air  stream  flowing  through  the  wheel  which  increases 
the  work  necessary  to  drive  the  wheel  without  load.  It  is  still  more 
difficult  to  calculate  the  friction  of  the  smooth  disc.  There  are,  of 
course,  experiments  at  hand  made  by  physicists  concerning  the 
"friction  of  gases."  Still  these  were  made  under  conditions  such 
that  they  cannot  be  applied  to  the  turbine  without  further  investi- 
gation. 

The  author  performed  a  series   of  experiments   to  investigate 
the  above  questions,   and  the   results  are  given   in  Table  1  and 


Work  of  Running  Light  in  Walls 


Fig.  68. 


shown  in  Figs.  68  and  69.  There  was  used  a  smooth  unmachined 
disc  made  of  boiler  plate  of  537  mm.  (21.142  in.)  diameter  and 
five  turbine  wheels  of  545,  624,  722,  940,  1  265  mm.  (21.46,  24.57, 
28.43,  37.01,  49.8  in.)  outer  diameter.  The  wheels  were  at 
times  overhung  on  the  shaft  end  of  a  direct  current  motor,  at 
other  times  fastened  to  an  extension  of  the  motor  shaft  which  was 
supported  between  bearings,  and  were  either  driven  in  the  open  air 
or  enclosed  in  a  cover.  From  the  total  power  consumed  there 
was  subtracted  the  power  required  to  drive  the  mechanism  with- 
out load,  subtracting  also  the  heat  consumed  in  the  field  coils. 
The  temperature  of  the  field  coils  was  taken  from  time  to  time  and 
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their  resistances  were  corrected  from  these  values.  The  current 
through  the  field  coils  was  kept  constant.  As  the  work  of  run- 
ning the  mechanism  without  load  was  determined  by  the  power 
consumed,  this  included  therefore  the  bearing  friction  caused 
by  the  weight  of  the  wheel.  Still  the  coefficient  of  friction,  as 
is  well  known,  varies  almost  exactly  in  the  inverse  ratio  of 
the  pressure,  and  this  increase  of  friction  is  therefore  of  small 
consequence. 

Fig.  68  is  drawn  with  the  logarithms  of  the  consumed  power 
W'm  watts  as  ordinates,  and  the  logarithms  of  the  revolutions  per 
minute,  n,  as  abscissas.     The  points  determined  for  each  experi- 
ment lie  practically  in  a  straight   line   over   quite  a  considerable 
distance,  and  can  be  represented  by  the  formula 

log  W  =  log  W0  +  €  log  n (1) 

The  value  e  is  the  trigonometrical  tangent  of  the  angle  of  slope 
with  the  abscissa.      From  equation  1  it  follows  that 

W  =  W{)ne (2) 

The  values  of  e  are  shown  in  the  figure,  their  mean  value  being 
2.90.      We  can  therefore  approximately  let 

e=8, 

which  will  simplify  the  calculations  exceedingly.  We  can  express 
these  results  by  the  following  law  : 

THE  WORK  OF  ROTATING  WHEELS  AND  DISCS  WITHOUT  LOAD  IN  THE  OPEN 
AIR  OR  IN  AN  ENCLOSED  SPACE  INCREASES  VERY  APPROXIMATELY  AS  THE  THIRD 
POWER  OF   THE  NUMBER   OF   REVOLUTIONS. 

It  is  sufficient,  therefore,  to  give  a  single  point  for  each  series 
of  experiments  performed  with  varying  number  of  revolutions  but 
otherwise  similar  conditions.  Table  1  gives  the  maximum  values 
of  each  experiment,  the  term  "forward  running"  meaning  the 
ordinary  direction  of  rotation,  that  is,  rotation  with  the  convex 
side  of  the  blade  in  advance.  The  resistances  of  backward  running 
were  determined  for  several  wheels,  because  this  is  important  in 
marine  turbines,  as  they  must  be  capable  of  rotation  in  either  direc- 
tion. The  casings  were  made  of  sheet  metal  for  the  smaller  discs, 
and  of  wood  for  the  larger  ones.  The  clearance  given  was  the 
space  between  the  blades  and  the  casing. 
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The  important  influence  of  the  blade  lengths  is  clearly  seen 
from  these  results.  The  work  of  fan  resistance  depends  on  the 
freedom  of  air  circulation,  and  is  shown  by  comparing  the  values 
for  wheels  in  open  air  and  in  an  enclosed  space.  Because  of  the 
better  entrance  of  the  air  into  the  blades  the  work  of  running 
the  uncovered  wheel  backwards  is  5  to  6  times  as  large  as  in  run- 
ning it  forward.  If  the  wheel  is  enclosed,  this  ratio  decreases  to 
about  1.2.  Experiments  12  and  14  further  show  the  interesting 
fact  that  enclosing  only  the  crown  of  a  wheel  does  away  with  the 
main  part  of  the  resistances,  and  very  little  is  gained  in  addition 
by  enclosing  the  entire  wheel. 

the  friction  of  smooth  wheels  without  blades  has  also  been 
investigated  by  Odell,*  who  used  four  discs  made  of  cardboard 
and  drawing-paper  with  diameters  of  about  381,  559,  686,  1  194 
mm.  (15,  22,  27  and  47  in.). 

Odell  found  the  consumption  of  power  with  the  first  three  to 
be  proportional  to  the  3.5th  power  of  the  number  of  revolutions  ; 
with  the  fourth  the  exponent  was  3.1,  therefore  in  close  agree- 
ment with  the  values  found  by  us.  The  diameter  entered  as  a 
factor  with  a  certain  exponent  ;  this  exponent  with  the  small  discs 
was  between  6  and  7,  and  with  the  large  discs  between  5  and  6. 
Experiments  conducted  by  the  author  with  cardboard  discs  were 
unsuccessful  because  the  cardboard  would  bend  under  the  strain 
of  centrifugal  force.  As  the  force  required  by  smooth  discs  was 
in  itself  small,  and  as  my  experiments,  as  well  as  those  of  Odell, 
with  large  discs  gave  for  the  number  of  revolutions  an  exponent 
nearly  equal  to  3,  it  is  found  advisable,  since  no  experiments  more 
nearly  exact  are  known,  to  express  the  power  in  h.p.  required  to 
rotate  a  smooth  disc  unloaded,  by  the  formula : 
In  French  units 

,3 


^'-A^)7 (1) 

in  which 

D  is  the  diameter  of  the  disc  in  meters. 

?/,  is  the  peripheral  velocity  of  the  disc  in  meters  per  second. 
7  is  the  specific  weight  of  the  surrounding  medium  in  kilograms 
per  cu.  meter. 


Engineering,  Jan.,  1904,  p.  33. 
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In  the  English  units 

N'  =  0.02295  a,  zW^V* 
in  which 

D  is  the  diameter  of  the  disc  in  feet. 

ux  is  the  peripheral  velocity  of  the  disc  in  feet  per  second. 
7  is  the  specific  weight  of  the  surrounding  medium  in  pounds 

per  cu.  ft. 
Table  2  gives  the  data  of  a  series  of  experiments  from  which 
was  calculated  the  value  alf  in  which  for  the  experiments  of  Odell 
7  was  taken  equal  to  1.2,  while  for  my  experiments  7  =  1.12. 

TABLE   2. 

EXPERIMENTS  OF  ODELL  (NOS.  1-5)  AND  BY  THE  AUTHOR  (NO.  8). 


Number  of  Experiment. 

Diameter  of  disc  in  mm    . 
Diameter  of  disc  in  inches 

Maximum  revolutions  per   min. 

Corresponding  peripheral  ve- 
locity in  meters  per    second  . 

Corresponding-  peripheral  ve- 
locity in  feet  per  second     . 

Consumption  of  power  in 
Watts 

Consumption  of  power  in  French 
horse  power 

Consumption  of  power  in  Eng- 
lish horse  power 

Constant  ai  in  formula  2  . 


1 

2 

3 

4 

5 

381 

559 

686 

1194 

1194 

15 

22 

27 

47 

47 

2000 

850 

525 

530 

740 

39.9 

24.9 

18.8 

33.1 

46.2 

130.9 

81.7 

61. 7 

108.6 

159-8 

17.7 

8.14 

5.56 

101.3 

229.1 

0.0240 

0.0111 

0.00755 

0.138 

0.309 

0.0237 

0.0109 

0.00744 

0.136 

°-3°5 

3.52 

2.58 

2.41 

2.02 

1.68 

537 

21-135 
2  000 
56.2 

184.4 

110 

0.149 

0.147 
3.43 


For  the  further  interpretation  of  our  experiments  (Table  1)  we 
may  apply  the  approximate  mean  value 


al  =  3.14. 

Experiment  6  shows  a  higher  consumption  of  power,  because  the 
disc  had  two  holes  placed  there  for  balancing  which  caused  con- 
siderable more  work  of  fan  resistance. 

THE  DEPENDENCE  OF  THE  TOTAL  WORK  OF  FRICTION  OF  A  WHEEL  ON  THE 
DENSITY  OF  THE  SURROUNDING  STEAM  ATMOSPHERE  is  shown  graphi- 
cally in  Fig.  70,  which  was  derived  from  experiments  the  author 
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made  with  a  few  stage  impulse  turbine.  The  turbine  shaft  and  all 
the  rotating  wheels  were  placed  in  stagnant  steam  and  were  driven 
by  a  direct  current  motor.  The  consumption  of  work  increased 
lineally  with  the  specific  weight  of  the  steam.  That  the  consump- 
tion did  not  become  nothing  at  zero  density,  is  explained  by  the 
existence  of  bearing  friction  which  could  not  be  neglected  on 
account  of  the  great  weight  of  shaft  and  rotating  wheels.  As  the 
steam  was  saturated,  the  consumption  of  work  approximately  in- 
creased directly  with  the  absolute  pressure. 
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7.2     7.3     7-4     7-5     I'tKg.per  cu.m. 


With  the  same  turbine,  experiments  were  also  conducted  with 
increasing  number  of  revolutions,  which  also  satisfied  the  law  that 
the  work  of  friction  approximately  increases  with  the  third  power 
of  the  number  of  revolutions. 

THE  DEPENDENCE  OF  THE  WORK  OF  FRICTION  ON  THE  DEGREE  OF  SUPER- 
HEAT of  the  steam  is  shown  by  Lezveckis  *  valuable  experiments. 
The  rotating  wheel  of  the  Laval  turbine  he  investigated  had  a  diam- 
eter of  220  mm.  (8.66  in.)  and  20  mm.  (0.787  in.)  blade  length, 
10  mm.  (0.394  in.)  width  of  blade,  about  6  mm.  (0.236  in.) 
clearance  space,  and  rotated  successively  in  air,  and  in  saturated 
and  superheated  steam.  The  pressure  varied  from  1  kg.  per 
sq.  cm.  absolute  (14.2  lb.  per  sq.  in.  absolute)  to  0.36  kg. 
per    sq.   cm.   absolute,   (5.12  lb.    per  sq.  in.  absolute).      Table    3 


Zeitschr.  d.  V.  deutsch.  Ing,  1903. 
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shows  the  results  of  these  experiments  for  the  constant  speed  of 
20  000  revolutions  per  minute. 

TABLE   3. 


Total  Horse 

Power 
Used  to  Run 

Wheel  Resistance  Alone. 

The  Wheel 
Ran  with 
20  000  Revolu- 
tions PEK 

Tempera- 
ture. 

Turbine 
without  Load 
at  Atmos- 
pheric Pres- 
sure. 

At  Atmospheric 
Pressure. 

At  0.36  Atmospheres  (5.3 

Pounds  per  Square 

Inch)  Absolute. 

Minute  in 

C.° 

F.° 

In 
French 

Units. 

In 

English 
Units. 

Horse  Power. 

a 

Horse  Power. 

French 
Units. 

English 
Units. 

French 
Units. 

E7iglish 
Units. 

a 

30 

86.o 

6.8 
5.5 

6-7 

5-42 

4.6 
3.3 

4-5 

3-25 

6.44 
8.83 

Saturated 
Steam     . 

1.5 

I.47 

10.48 

[ 

Superheated' 
Steam    . 

123 

184 
244 
300 

253-4 
363-2 
471.2 
572.0 

5.10 
4.55 
4.30 
4.15 

5-°3 
4.49 
4.24 
4.09 

2.85 
2.25 
2.05 
1.88 

2.8l 
2.22 
2.02 

I.85 

8.12 
7,39 
7.62 
7.06 

0.95 
0.60 

O.938 
O.5916 

7.60 
6.94 

TJie  work  of  friction,  under  otherwise  constant  conditions,  de- 
creases greatly  with  increasing  superheat. 
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Fig.  71. 

The  values  of  the  constant  a  (see  below)  are  given  in  Fig.  71. 
From  LezvecHs  experiments  it  was  also  found  that  the  work 
of  rotation  without  load  increased  as  the  third  power  of  the  number 
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of  revolutions.     The  wheel  resistance  in  saturated  steam  at  atmos- 
pheric pressure  was 


A\ 


1.34  1.40  2.25  3.26         h.  p.  in  French  units, 


with 

n     =       14  850         15  330         17  600         20  000       revolutions  per  minute, 

and  therefore 

1012  — p  =  0.41  0.39  0.41  0.41        that  is,  practically  constant. 

Another  series  of  experiments  with  constant  number  of  revolu- 
tions, decreasing  pressure,  and  with  saturated  steam  gave,  after 
subtracting  0.23  h.p.,  the  estimated  value  of  bearing  and  stuffing 
box  friction,  the  following  : 

TABLE   4. 

/;/    French  Units. 


Total  h.  p.,  running  without  load JV{ 

Deduct  forbearing  and  stuffing  boxes    .... 

Actual  steam  friction AT0 

Absolute  steam  pressure     ....       kg.  per  sq.  cm, 
Specific  weight 


Ratio 


7 
AV 


1.51 

2.08 

0.23 

0.23 

1.28 

1.85 

0.40 

0.60 

0.248 

0.363 

5.16 

5.10 

8.10 

8.03 

3.26 
0.23 
3.03 
1.00 
0.587 

5.16 

8.10 


In  English    Units. 


Total  h.p.,  running  "without  load  . 
Deduct  for  bearing  and  stuffing  boxes 

Actual  steam  friction 

Absolute  steam  pressure 

Specific  weight 


N. 


1.49 
0.23 


lb, 


Ratio 


,    .      n;  =  1.26 

per  sq.  in.  —  5.69 

7  =  0.0155 


N, 


»i.3 

8.10 


2.05 

0.23 

1.82 

8.53 

0.0227 

80.2 

8.03 

3.21 
0.23 
2.98 

14.2 

0.0364 

81.3 

8.IO 


The  actual  steam  friction  is  therefore  again  proportional  to  the 
specific  weight  of  the  steam. 


FORMULA    FOR    THE    VALUE    OF   THE    TOTAL    WORK    OF    ROTATION 

WITHOUT   LOAD. 

A  formula  which  would  represent  the  wheel  friction  in  free  air 
or  with  an  encased  wheel,  for  forward  and  backward  running, 
would  be  very  difficult  to  derive.     Our  experiments  at  least  permit 
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us  to  express  the  work  of  rotation  in  open  air  for  forward  running. 
The  friction  of  smooth  discs  of  which  wheel  bodies  are  built  can 
be  expressed,  as  was  given  above,  by  the  equation, 
In  French  units, 

In  English  units, 

iV7  =  0.02295  cnW^J 


7- 


If  we  subtract  this  part  from  the  total  power,  we  have  left  the 
power  to  overcome  fan  resistance,  which  is  empirically  expressed  as, 
In  French  units, 

In  English  units, 

Nt"  =  1.4346  a,  £",(3JJ)V 

In  all,  the  horse  power  for  rotating  without  load  would  be, 
In  French  units, 

N,  =  at;  +  iV0"  =  [a ,  D"  +  a,,  L125]  (jjgjv  ; 
In  English  units, 

AT0  =  AT/  +  AY'  =  [&02295  at  £>2'5  +  1.4346  a2LL25J  (^J^ 

with  the  following  values  : 

a,=  3.14, 

cu=  0.42. 

In  which  the  outside  diameter  D  is  expressed  in  meters  or  feet,  the 
blade  length  L  in  centimeters  or  inches,  the  outside  peripheral 
velocity  //  in  meters  or  feet  per  second,  the  specific  weight  7  in 
kilograms  per  cu.  cm.  or  in  lb.  per  cu.  ft. 

The  formula  gives  for  the  wheels  A  to  E  that  were  used,  an 
error  of  5.9%,  1.6%,  0.6%,  1.2%,  0.2%,  respectively;  there- 
fore, for  practical  use,  it  is  sufficiently  accurate.      Of  course,  should 
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more  experiments  be  made,  there  may  be  a  change  in  the  form  of 
this  formula. 

In  dealing  with  an  encased  wheel  there  is  considerable  decrease 
of  friction  power,  for  which  a  simplified  formula  has  been  derived ; 
In  French  units, 

In  English  units, 

iV0=  0.041566  a  #2(jJq)V 

The  values  of  the  total  coefficient  a  are  given  in  Tables  1  and  3. 
With  545  mm.  (21.467  in.)  diameter  the  consumption  of  power  for 
an  enclosed  wheel  is  about  one-half  that  in  free  air  ;  with  1  265 
mm.  (49.803  in.)  diameter,  only  about  one-quarter. 

If  we  wish  to  calculate  the  work  of  friction  of  a  wheel  in  steam, 
we  must  make  a  recalculation  of  the  values  as  found  by  Lcwicki. 
In  order  to  carry  out  the  comparison  correctly,  we  must  subtract, 
in  Table  3,  the  bearing  and  stuffing  box  friction  load  ;  that  is,  0.23 
h.  p.  from  the  total  power.  Then  a  consideration  of  the  constant 
a  will  permit  us  to  summarize  as  follows:  The  work  of  friction  of  a 
wJieel  in  saturated  steam  with  equal  specific  zveight,  equal  size  of 
wJieel  and  equal  velocity,  is  1.3  times  tliat  i7i  air. 

The  zvork  of  friction  of  a  wheel  in  superJieated  steam  at  atmos- 
pheric pressure  and  300°  C.  (572°  F.)  is  the  same  as  that  in  air. 

At  300°  C.  (572°  F.)  temperature  in  a  vacuum  of  0.36  atm.  abs. 
(5.3  lb.  per  sq.  in.),  the  work  of  friction  in  steam,  according  to 
Lewickis  experiments,  is,  surprisingly,  even  smaller  than  in  air  at 
atmospheric  temperature. 

The  reason  for  the  decrease  of  the  work  of  rotation  without 
load  when  the  wheel  works  with  partial  or  full  peripheral  admission 
is  yet  undetermined.  The  surrounding  steam  is  thrown  into  eddy 
currents,  then  enters  the  wheel  and  disturbs  still  more  the  outflow- 
ing steam  stream,  and  thus  causes  losses.  Though  we  may  look 
upon  the  work  of  rotation  without  load  as  small  in  itself,  the  new 
loss  must  nevertheless  be  considered. 

After  all,  our  experiments  with  actual  turbine  wheels  show  that 
the  work  of  fan  resistance  is  not  so  great  as  was  formerly  supposed. 


Ill 


CONSTRUCTION    OF    THE    MOST 
IMPORTANT   TURBINE   PARTS. 


34.    FORM  OF  BLADE. 

The  form  of  the  blade  should  be  such  that  the  steam  stream 
expands  to  the  desired  final  pressure  with  the  smallest  possible 
friction  and  eddy  current  losses,  and  is  turned  in  the  desired  direc- 
tion. For  the  ro- 
tating wheel  chan- 
nels it  is  sufficient 
to  keep  in  mind 
the  relative  motion, 
especially  as  the 
difficulties  of  cer- 
tain hydraulic  radial 
turbines,  in  which 
it  may  happen  that 
along  a  part  of  the 
water  path  the  blade 
can  transmit  work 
to  the  water  instead 
of  receiving  work 
from    it,   disappear  Fig.  72. 

with  steam  turbines, 

on  account  of  higher  velocities  and  sharper  blade  curvature.  As  to 
turning  the  stream  in  the  desired  direction,  the  direction  of  exit  from 
the  guide  and  rotating  wheel  is  of  greatest  importance.  In  order  to 
get  the  desired  angle,  we  should  try  to  keep  the  last  part  of  the 
blade  straight,  at  least  to  the  foot  of  the  perpendicular  dropped 
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from  Alt  or  the  length  A  B  in  Fig.  72.  From  there  on,  the  chan- 
nel should  lead  in  easy  curvature  to  the  angle  ai.  The  construction 
according  to  a  in  Fig.  72  would  obviously  be  too  sharp,  and  would 
cause  the  steam  stream  to  separate  from  the  wall.  The  construc- 
tion according  to  b  would  suffice,  and  the  wheel  radius  would 
depend,  above  all,  upon  how  far  we  wish  to  diminish  the  shock  at 
entrance.  For  the  profile  b  the  angle  c^  is  taken  as  the  slope  of  the 
blade  back,  from  which  we  obtain  for  the  guiding  blade  surface  the 
somewhat  large  angle  a/.  This  would  be  more  favorable  with  ct 
and  d,  but  the  latter  would  obviously  give  a  needlessly  long  steam 
path.  Besides,  a  pointing  of  the  blade  such  that  <xx  is  half  of  a/,  as 
is  shown  dotted  at  d,  could  be  considered  just  as  correct  as  the  first 
mentioned.  By  drawing  the  absolute  steam  path  and  finding  the 
decrease  of  peripheral  speed,  we  get  useful  results  concerning  the 
regularity  of  delivering  work. 

The  proper  length  of  the  channel,  that  is,  the  steam  path,  can 
be  determined  only  by  practical  experience,  and  with  given  curva- 
ture the  ratio  of  length  to  breadth  can  be  considered  fairly  con- 
stant. The  question  arises  whether  we  should  use  wide  and  long 
or  short  and  narrow  channels. 


35.  WIDE  AND  LONG,  OR  SHORT  AND  NARROW 
CHANNELS. 

Following  our  analogy  with  hydraulics,  we  may  give  an  expres- 
sion similar  to  that  representing  the  "loss  of  head"  in  hydraulic 
resistance,  as  follows  : 

*-*?.'£ <*> 

In  this,  U  is  the  circumference,  F  the  area  of  cross-section, 
/  the  curved  length   of   the  channel,  and  w  the  velocity.      More 

exactly,  the  mean  value  of  —  ze/2  should  be  inserted,  which  can  be 

found  graphically,  if  necessary,  from  the  expression  for  mean  value 

rl 'uw2  ..     r  m  2\  , 
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If  a  is  the  radial  length,  and  e  the  least  width  of  the  channel, 
we  get 

2(g  +  g)^=2r/1+.W^    ...     (2) 

ae         2g  \        aje  2g 

-  becomes,  as  was  said  at  the  close  of  the  above  article,  nearly  con- 
e 

stant ;    and   equation   2  shows  that  it  is  advisable,  within  certain 

limits,  to  choose  the  spacing  (therefore  also  e)  small.     A  limit  to 

the  reduction  of  e  is  set  by  the  influence  of  the  blade  thickness,  due 

to  which  there  is  an  expansion  of  the  stream  in  the  clearance  space 

accompanied  by  eddy  currents. 

This  spacing  also  depends  on  the  length  of  the  blades,  hence 

necessitates  a  minimum  axial  breadth.     As  practical  limits  we  could 

consider  with  lengths  of  20  to  30  mm.  (0.79   to   1.18   in.)  an  axial 

breadth  of  about  8  to  10  mm.   (0.315  to  0.394  in.),  and  a  spacing 

of  5  to  6  mm.  (0.2  to  0.24  in.)  ;   with  very  long  blades  200  to  300 

mm.  (7.87  to  11.81  in.),  about  25  mm.  (0.985  in.)  breadth  and  14 

to  16  mm.  (0.55  to  0.63  in.)  spacing. 


36.    CONSTRUCTION   OF    BLADE   AND    METHOD    OF 

FASTENING    IT. 

1.  HIGH  PERIPHERAL  VELOCITY. 

A.  BLADES  CONSTRUCTED  SEPARATELY. 

For  wheels  with  high  velocity,  that  is,  somewhat  over  150  m. 
(492.12  ft.)  de  Laval  has  designed  the  excellent  construction  shown 
in  Fig.  73.  The  blades  are  pressed  from  ingot  steel  and  finished 
to  caliper.  The  principle  of  the  interchangeability  of  parts  is 
strongly  adhered  to,  and  the  cost  of  renewing  a  blade  rim  is  small. 
At  their  outer  ends  the  blades  have  flanges  which  touch  one  an- 
other and  form  a  closed  boundary  ring,  the  joints  being  lightly 
caulked.  The  centers  of  the  blades  are  greatly  thickened  through- 
out their  length  in  order  to  get  approximately  steady  flow  through 
the  blades,  (see  section  AB,  Fig.  73).  They  could  be  made  thinner 
at  the  outer  end  to  decrease  centrifugal  force,  but  there  would  not 
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be  as  good  a  steam  channel,  especially  with  small  wheels  and  long 
blades,  because  of  the  noticeably  greater  spacing  at  the  outer  end 

U 8,29  A 


Fig.  73. 


(see  section  CD,  Fig.  73).     The  construction  is  suitable  for  the 
greatest  velocities  that  have  so  far  been  attained,  about  430  m. 
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(1  410.76  ft.),  but  it  is  limited  to  those  single  wheels  which  are  ac- 
cessible from  the  side. 

In  the  earlier  types  Laval  used  the  construction  shown  in  Fig. 
74,  with  the  wheel  body  made  in  two  parts.  It  was  not  suitable  for 
large  wheels,  and  was  more  costly  than  that  shown  in  Fig.  73. 

Seger  patented  the  idea  shown  in  Fig.  75,  in  the  year  1894  by 
an  English  patent,  No.  4  611.     The  blade  a  is  cut  to  length  from  a 


Fig.  74. 


e'^ 0 •& 


Fig.  75. 


Fig.  76. 


drawn  section,  the  bottom  end  is  machined  in  the  form  of  a  fork 
and  set  in  the  machined  groove  b  of  the  wheel  rim.  The  forked 
ends  are  now  bent  over  and  kept  from  straightening  out  again  by 


Fig.  78. 


Fig.  79. 


the  rings  c  which  are  riveted  together.  Since  the  spaces  b  are 
most  easily  machined  straight,  the  blade  section  has  to  consist  of 
two  straight  lines  and  one  curved  line  ;  at  the  entrance  d  the  other- 
wise uniformly  thick  blade  is  sharpened.  A  decrease  of  the  blade 
thickness  towards  the  outer  end  is  beneficial,  but  requires  special 
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machine  work  or  rolled  sheet  metal  strips  of  unequal  thickness,  from 
which  the  blades  must  be  cut  and  bent. 

Zdlly  used  for  his  impulse  wheels  drawn  wrought  iron  blades 
which  were  machined  narrower  towards  the  outer  ends  and  finished 
to  a  polish.  To  fasten  the  blades,  they  were  provided  on  both  sides 
with  right  angled  lugs  a  as  shown  in  Fig.  76;  these  lugs  fitting 
into  corresponding  slots  c  on  the  wheel.  A  covering  ring  was  then 
fitted  into  place,  and  permanently  riveted  after  inserting  the  blades. 
The  blades  were  kept  at  the  correct  distance  from  each  other  by 


Cross-section  C  D 


Fig.  80. 


the  distance  pieces  b,  which  were  machined  all  over,  and  also  pro- 
vided with  lugs  similar  to  those  on  the  blades.  The  blades  were 
widened  radially  and  their  outer  ends  remained  free. 

The  reverse  of  this  construction,  as  shown  in  Fig.  77,  is  also 
possible.  The  solid  dovetail  shown  in  Fig.  78  requires  the  parts 
a-a  to  be  stronger,  because  the  pressure  on  the  fitted  surfaces  is 
greater  and  its  lever  arm  is  greater.  Here,  as  well  as  in  Fig.  79, 
where  the  rim  itself  receives  the  dovetail,  the  dead  weight  is  ap- 
preciably larger  with  the  same  width  of  blade.  The  radial  stress 
of  the  disc  increases  in  proportion  to  its  weight,  as  is  shown  in  Ar- 
ticle 39. 

The  weight  is  also  increased  because  we  must  leave  the  blades 
full  at  the  bottom  for  some  distance  so  that  the  guide  apparatus  can 
come  close  to  the  blade  channel.     At  a  few  symmetrically  arranged 
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places  a  fitted  blade  must  be  fastened  by  means  of  bolts ;  or  as  is 
shown  in  Fig.  79,  an  opening  for  the  introduction  of  the  blades 
closed  by  means  of  a  fitted  plate  b,  which  is  held  in  place  by  machine 
screws  c. 

B.    BLADES    AND    RIM    IN    ONE    PIECE. 

In    the    Riedler-Stumpf   turbine  we  have   Pelton-like   buckets 
machined  directly  into  the  rim  of  the  turbine  wheel.     Fig.  80  shows 
the  bucket    form    described 
in   Stumpfs  French   patent 
310  020  of  the  year  1901. 

The  overhung  milling 
cutter  machines  the  semi- 
circular channel  and  the  half 
round  opening  in  the  division 
wall  between  the  buckets  at 
the  same  time.  Fig.  81 
shows  a  portion  of  a  wheel 
with  two  buckets  side  by 
side,  the  edge  between  them 
splitting  the  jet  of  steam 
into  two  equal  parts. 

The  General  Electric 
Company  of  Schenectady 
planes  the  buckets  of  their 
axial  impulse  turbines  with  special  machines,  whose  cutter,  properly- 
shaped  to  the  curvature  of  the  blade,  is  moved  to  and  fro  in  a 
curved  path.  In  Figs.  82  and  83  are  shown  segments  with  blades^ 
with  small  and  large  spacing.  Over  the  ends  of  the  blades  a  band 
is  placed  and  riveted  to  the  projection,  which  may  be  seen  in  the 
illustration. 


Fig.  81. 


2.    MODERATE    PERIPHERAL   VELOCITIES,     (u  <  150  m.,  492  ft.) 

The  many  stage  turbine  works,  as  we  have  said,  with  peripheral 
velocities  not  greatly  exceeding  100  m.  (394  ft).  The  blades  have 
only  to  withstand  small  centrifugal  forces,  hence  their  construction 
is  much  simpler. 

The    Parson  s    Turbine,    according    to  the  catalogue   of    their 
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licensed  firms,  uses  blades  made  from  bars  of  drawn  bronze  or  other 
metals,  placed  in  dovetailed  grooves  and  clamped  by  small  pieces  of 


Fig.  82. 

the  same  material.  These  small  pieces  are  caulked  in  order  to  make 
everything  tight.  There  is  no  need  for  an  enclosure  on  the  outer 
circumference  as  one  is  formed  by  the  turbine  casing  itself,  enclos- 
ing the  wheel  with  a  clearance  space  so  slight  that  the  losses  due 
to  it  are  kept  sufficiently  small. 

The  guide  blades  are  fastened  in  a  similar  manner  in  the  walls 
of  the  casings.      Guide  and  rotating  wheels  follow  closely  one  an- 


Fier.  83. 


other.     In  the  direction  of  the  axis  a  play  of  a  few  millimeters  (less 
than  0.1  inch)  is  allowable. 

The  latest  efforts,  as  may  be  seen  from  the  patents*  granted  to 


*  H.  F.  Fullagar,  Swiss  Patent  No.  24  039,  Class  93  ;  Parson's  Foreign  Patents  Co. 
and  A.  G.  for  Brown,  Boveri-Pavsons.  German  Patent  No.  144  528,  Class  14c.  The 
latter  again,  Swiss,  Patent  No.  20  718,  Class  93,  etc. 
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firms  manufacturing  these  turbines,  aim  to  get  a  solid  means  of 
machining  the  blade  and  to  avoid  losses   due  to   leakage  through 


^ffTrf 


Fig.  84. 


Fio-.   85. 


Ficr.    86. 


suitable  partition  rings.     Thus,  according  to  Fig.  84,  the  ends  of 
the  blades  are  bent,  overlapped,  and  finally  soldered  so  that  the  pro- 
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Fig.  87. 
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Fig.  88. 


Fig.  89. 


jection  B  forms  a  wholly  or  partially   enclosed  ring.     (Fig.  85.) 
The  inner  end  C  of  the  blade  is  widened  in  order  to  fill  out  the 


dovetail  groove. 
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The  rings  should  be  made  wider  than  the  blades,  so  that  with 
caulking,  the  blade  will  not  be  damaged.  Fig.  86  shows  a  method 
of  fastening  the  blades  by  bending  the  teeth  z  of  a  ring,  this  ring 
being  inserted  in  a  groove  and  held  there  by  means  of  a  special 
caulking  ring.  How  the  exposed  corners  y  are  to  be  turned  off  is 
not  stated.  In  Fig.  87  the  fastening  ring  is  divided  into  halves  A 
and  B,  and  is  provided  with  grooves  C  in  which  the  blades  fit.  D 
is  the  caulking  ring. 

The  blade  A  is  slit  as  Fig.  88  shows,  at  the  lower  end  B,  and 
the  two  parts  spread  apart.  The  grooves  in  the  two  halves  of  the 
fastening  rings  C  and  D  are  shaped  so  as  to  fit  these  spread  ends. 

The  outer  ends  of  the  blades  are  held  together,  Fig.  89,  by  a 
ring  x  in  which  they  are  partly  inserted,  soldered  wires  assisting  in 
tying  them. 


Fig.   90. 


The  same  result  is  accomplished  by  means  of  the  perforated 
ring  5  (Fig.  90)  which  is  suitably  attached  to  the  blade  element 
R. 

These  methods  allow  of  the  production  of  a  much  better  steam 
tight  turbine,  as  Fig.  91  shows.  Here  the  partition  ring  shown  in 
Fig.  90  may  just  clear  the  caulking  ring  G  with  the  smallest  pos- 
sible play.  The  wheel  may  have  any  desired  radial  play,  but  must, 
on  the  other  hand,  be  placed  very  exactly  axially.  In  Fig.  92  we 
get  a  perfectly  steady  flow  of  steam,  but  the  rotating  drum  must  be 
prevented  from  moving  axially  in  either  direction. 

Ideas  of  this  kind  obviously  require  similar  materials  for  the 
rotating  drum  and  the  casing,  and  similar  cooling  conditions,  so 
that  the  expansions  in  length  of  both  parts  are  equal. 

Fig.  93  represents  one  of  Parson's  constructions,  with  pressed 
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blades  inserted  in  dovetailed  grooves.  The  partition  ring  was  formed 
similarly  to  Laval's. 

In  the  Rateau  Turbine  the  blades  were  pressed  out  of  sheet 
iron  and  were  riveted  to  a  drum,  also  of  wrought  iron  as  is  shown 
in  Fig.  94. 

An  outer  partition  ring  is  always  used.  According  to  the  Ger- 
man patent  No.  143  960,  it  is  desirable  to  keep  the  blades  thin  on 
account  of  their  weight,  and  the  strength  is  increased  by  filling  the 
hollow  part  at  the  place  of  bending  with  lead.     The   strain  in  the 


Fig.  93. 


rivet  is  not  larger  nor  of  a  different  nature  from  that,  for  instance, 
which  occurs  in  the  rivets  of  a  steam  dome  of  a  boiler.  If  the 
blades  are  of  large  dimensions,  it  is  recommended  that  the  flange 
for  riveting  be  split  into  two  parts,  so  that  the  blade  may  be 
pressed  into  a  proper  form. 

37.    CONSTRUCTION  OF  THE  GUIDE  APPARATUS. 

Fig.  95  shows  the  construction  of  the  entrance  to  a  nozzle,  with 
its  operating  spindle  made  steam  tight  by  a  stuffing-box.  The  noz- 
zle is  made  steam  tight  metallically  in  the  slightly  conical  bored 
hole.  To  remove  the  nozzle,  we  use  an  apparatus  with  a  pressure 
screw. 


152     CONSTRUCTION   OF  MOST   IMPORTANT    TURBINE  PARTS. 

With  the  round  nozzle  a  section  taken  in  the  plane  of  the  wheel 
forms  a  very  flat  ellipse,  and  the  first  and  last  blades  are  not  fully 
filled.     They  draw  steam  from  about  them  with  loss  of  work.    This 


Fig.   95. 

disadvantage  is  avoided  by  the  Stumpf  nozzle,  which  is  originally 
turned  round  but  is  pressed  into  a  right  angled  section  (Fig.  96). 
These  nozzles  are  placed  so  near  together  that  the  steam  jet  enters 
the  rotating  wheel  as  if  from  one  large  nozzle.  Partial  peripheral 
admission  is  easily  obtained. 

Th.  Renter*  machines  the  guide  channels  screw  fashion  in  the 
circumference  of  a  ring  a  (Fig.  97),  and  makes  this  steam  tight  by 
covering  it  with  ring  c.  The  section  of  the  nozzle  is  also  right 
angled  and  the  division   walls  run  out  pointed,  in  order  to  bring 
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Fig.   96. 


about  a  union  of  the  individual  jets.  In  the  figure  are  also  drawn 
the  individual  stop  valves  used  for  regulating,  and  which  will  be  dis- 
cussed later. 

Where  an  expansion  is   permissible,  that  is,  with  many  stage 
turbines,  we  work  obviously  with  the  simple  blade  form,  and  every- 


*  Swiss  Patent  No.  25  441,  Class  93,  February,  1902. 
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thing  depends  on  its  construction.     Fig.  98  shows  the  entrance  of 
a  Zolly  turbine  whose  blades  are  bent  of  steel  plate,  and  are  cut  out 


according  to  sketch  a.     To  receive  the  projections  a,  grooves  b  are 
provided,  in  which  the  blades  are  held  fast  by  the  rings  c  and  d. 
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Rateau  places  the    guide   blade  groups   in  a  helical   form,  as 
shown  in  Fig.  99,  so  that  the  steam  may  follow  the  natural  flow 


Fig.  98. 


due  to  its  velocity.     The  absolute  steam  path  is  drawn  in  the  figure, 
according  to  the  Swiss  patent  No.  24  473  (dotted)  with  the  assump- 
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Fig.  99. 

tion  of  normal  exit.     Actually,  we  hardly  get  normal  exit,  and  the 
guide  blades  must  be  bent  somewhat  backwards. 
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38.   WHEEL   DRUMS. 

The  rotating  wheels  of  many  stage  turbines  are  designed  either 
as  individual  wheels,  or  in  groups  of  successive  blade-rings  form- 
ing drums  of  greater  or  less  length.  In  the  latter  case,  the  inside 
of  the  drum  should  be  bored  out  to  obtain  complete  mass-balance. 
(See  Art.  43.)  These  rings  may  be  secured  either  by  inserted 
spoked  rings,  or  by  means  of  flanges  on  both  ends  of  the  drum  and 
forged  on  the  shaft,  or  by  means  of  end-discs  forced  on  the  shaft. 


Fig.   100. 

A  drum  fastened  in  this  manner  is  to  be  calculated,  at  least  so  far 
as  the  middle  part  is  concerned,  as  a  free  rotating  ring,  because 
the  influence  of  the  end  attachments  does  not  reach  far. 

Consider  in  Fig.  100  the  elementary  mass  A  B  of  the  cylindrical 
drum  of  length  1,  bounded  by  the  axial  planes  through  A  and  B, 
which   diverge  on  either  ^ide  of   the  vertical  axial   plane   by  the 


anofle 


-Z-  •     Take  first  the  action  of  centrifugal  force  on  this  ele- 


mentary mass.      It  is  given  by  the  equation 


in  which 


dF  =  (rd(f>Sl/jb)r(o2 


(i) 


fi  =-  =  the  specific  mass. 
g 


co  =  the  angular  velocity. 
The  remainder  of  the  notation  is  apparent  from  the  figure. 
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Further  we  may  assume,  if  the  thickness  8  be  not  too  great, 
that  the  stress  a  in  the  direction  of  the  circumference  is  of  uniform 
intensity,  and  that  its  effective  resultant  on  the  area  IS  amounts  to 

T  =  lha (2) 

Finally,  we  must  take  into  consideration  the  centrifugal  force  of 
the  blades  and  of  the  parts  by  which  they  are  held  together.  This 
force  may  be  imagined  to  be  equally  distributed.  If  a0  represents 
this  force  per  unit  area  (sq.  cm.  or  sq.  in.)  on  the  mean  cylinder 
area  of  radius  r,  the  ensuing  resultant  on  the  element  will  be 

dFd  =  rd(f>l(T{} .      (3) 

These  forces  are  in  equilibrium  if 

dF  +dF,=  2  Tsin  dt  =  Td<j>. 

Substituting  equation  1  in  equation  3,  and  taking  rco  equal  to  the 
peripheral  velocity  w9  we  have 

r  o-ft 
a  =       -  +  fi  w\ 

From  the  above  the  important  fact  is  determined  that  the  term 

<r  =  fjLW, 

that  is,  the  stresses  due  to  centrifugal  force  depend  only  on  the  pe- 
ripheral velocity,  no  matter  how  large  the  radius,  and  we  get  the 
following  values  for  wrought  iron  : 

In  the  French  units, 

w  =  25  50  75  100  150  «200  400  meters  per  second. 
<r'  =  50    200     450     800     1  800     3  200   12  800  kg.  per  sq.  cm. 

Or  in  the  English  units, 

w=     82.02     164.04      246.06         328.08      492.13      656.17      1  312.33  ft.  per  sec. 
a'  =  711.16     2  844.6      6400.4       113785       25  602       45  514        182  060  lb.  per  sq.  in. 

Beyond  velocities  of  about  100  to  120  meters  (328  to  303.7  ft.) 
the  stresses  due  to  centrifugal  force  in  a  free  drum  are  too  high 
for  ordinary  materials.  We  must  therefore  strengthen  the  drum 
by  spokes,  or  better  still,  by  solid  discs.  Still,  these  spokes  or 
discs  must  be  placed  close  together  in  order  to  be  fully  effective, 
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thus  preventing  the  boring-  out  of  the  drum.  It  is  therefore  best 
to  divide  the  drum  into  short  sections,  and  to  construct  and  calcu- 
late these  sections  in  the  same  manner  as  the  disc-wheels  discussed 
in  the  next  article. 


39.    DISC-WHEEL   OF   VARYING   THICKNESS. 

The  stresses  in  a  disc-wheel  produced  by  its  own  centrifugal 
forces  can  be  determined  by  the  following  investigation  : 


/uyo^d/dxd^ 


Fig.  101. 


In  Fis:.  101  let 


x  =  the  radial  distance  of  a  point  from  the  axis, 
y  =  the  thickness  of  the  disc  at  the  distance  x, 
<rr=  the  radial  stress  per  unit  area, 
at  —  the  tangential  stress  per  unit  area, 
fx  =  the  specific  mass  of  the  material  of  the  disc, 
co  =  the  angular  velocity  of  rotation, 
1 


m 


the  ratio  of  longitudinal  expansion  to  sectional  contraction. 


We  shall  assume  the  thickness  to  vary  so  slightly  that  we  can 
neglect  the  angle  formed  by  the  direction  of  the  radial  stresses  to 
the  plane  of  symmetry  of  the  wheel,  and  furthermore,  that  these 
stresses  are  distributed  uniformly  over  the  cross-section.  This  is 
true  in  most  cases. 
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The  disc-element  represented  in  Fig.  101  has  the  volume 

dV  =  yxd(j)dx (1) 

and  the  mass 

dm  =  fidV (2) 

and   is   acted  upon  by  the  following  forces  :    its   own  centrifugal 
force 

dF  =  dm  x  co2 (3) 

(with   infinitely  small  thicknesses,  we   may  substitute  x  for  the 
radius  of  the  center  of  gravity). 
The  side  forces, 

dT  =  ydxo-t (4) 

the  radial  force  on  the  inner  face  surface, 

dR  =  y  x  dcj)  <rr (5) 

and  the  similar  force  on  the  outer  face  surface, 

dR'  =  {y  +  dy)  (x  +dx)  d<j>  (o>  +  d*r)     ...     (6) 

The  condition  of  equilibrium  demands  that  the  radial  com- 
ponents of  these  forces  neutralize  each  other  ;  that  is, 

dR'  -dR-Tdcf>  +  dF  =  0 (7) 

Substituting  equation  1  in  equation  6, 

d  (xy  ar)  2    2         ft 

- — —  —  y  crt  +  /jl  co1  x  y  =  0     .     .     .     .      (8) 
dx 

Further,  let 

f  =  the  radial  deflection  of  the  end  point  of  radius  x> 

er=  the  specific  expansion  radially, 

et  =  the  specific  expansion  tangentially. 

The  fundamental  law  of  elastic  deformation*  teaches,  that  when 
an  elastic  body  is  subjected  to  a  tensile  stress  which  causes  a  spe- 
cific elongation  e  in  the  direction  of  the  stress  (that  is,  per  unit 
length),  a  contraction  occurs  in  all  directions  at  right  angles  thereto, 
whose  value  (also  referred  to  unit  length)  is  equal  to  ve.  The  con- 
stant v  has  a  mean  value  for  wrought  iron,  of  0.3.  An  element  of 
the  disc  under  consideration  undergoes  through  the  radial  stress 

*  Grashof,  Theorie  der  Elastizitat  and  Festigkeit,  1878,  p.  32. 
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a  the  radial  expansion  -p .  The  tangential  stress  acting  simulta- 
neously,  produces  the  cross-section  contraction  whose  algebraic  sum 
is  equal  to  — -,  and  the  resultant  elongation  radially  is,  therefore, 


Similarly  is  found 


€r=^K-  **>] 


\?t  ~  v  <] 


(9) 


The  elongations  can  be  expressed  by  the  deflection  f .  An  infi- 
nitely thin  ring  of  radius  x  has,  before  expansion,  a  circumference 
2irx\  after  expansion,  2tt  (x  +  f).  Therefore  the  specific  expan- 
sion at  the  circumference  is 


27r(x+%)-27TX         £ 


IT  X 


X 


(10) 


As  the  deflection  of  the  point  A  at  a  distance  x  is  given  by  £■ , 
the  deflection  of  the  point  B,  which  was  originally  at  a  distance 
x  4-  dxy  will  be 


The  original  length  of  the  distance  A  B  is  dx ;  after  expansion  it 
becomes 

dxf  =  (x  +  dx  +  g)  —  (x  +  jj)  ==  ?  —  %  +  dx=='-^dx  +  dx. 

dx 

The  specific  elongation,  therefore,  is 

dx'  —  dx      d% 


dx  dx 

Substituting  the  values  of  et  and  er  in  equation  9,  we  have 


(ii) 


e    r  f    i|] 

1  —  p2\_  x      dx\ 
E      \i        df\ 


(12) 
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Introducing  the  above  into  equation  8,  we  have 

^+ri(^+iH+p^o_ii?+^=o(  (13) 

dx*      L      dx  xjdx      \_x      dx  x2J  v     ' 

with  the  simplified  notation 

„     (l-^W 


E 
Equation  13  becomes  integrable,  if  we  take,  for  instance, 

a 

y  =  ex 

and  assumes  the  form 

dxz  x     dx  x* 

To  dispense  with  the  term  containing  x,  place 

£:  =  z  +  ax3 

and  we  obtain,  after  substitution, 

d2z      a  +  1  dz       a  v  —  1 


dx2  x     dx 


x2 


2=0. 


provided  we  have  chosen 


-  (1  -  V2)  fl  CO2 

E  [8  -  (3  +  v)  a] 


(14) 
(15) 

(16) 

(H) 
(18) 


The  solution  of  equation  17  follows  by  taking  z  =  bx*s  which  leads 
to  the  calculation  of  i/r  in  the  equation 


f-af-  (1  +  av)  =  0 
We  obtain  two  values  for  yjr : 

a         /? 


(19) 


v  +  1 


(20) 
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from  which,  (with  a  positive),  yfrl  is  always  positive,  and  o/r2  is  always 
negative.  The  solutions  then  give  with  equation  16  the  complete 
integral, 

%  =  ax3  +  bxx^  +  b2x*> (21) 


in  which  bx  b2  are  constants  determined  by  the  rim  conditions  (see 

below).     We  now  find  -  and  — -   whic 
x         ax 

12  will  give  the  values  of  the  stresses 


below).     We  now  find  -  and  — -   which   when  placed  in    equation 


,  =  j-^K3  +  v) ax<1  +  C+i  + v)  M**~  *  +  (^2  +v)  b2x" 
=  ^^2[(l  +  3^^2+(l+^1^^1/1"1  +  (l4-^2^2/2"1] 


(22) 


RIM  CONDITIONS. 


With  positive  values  of  a, 
the  disc  takes  the  form  of  the 
disc-section  used  by  de  Laval 
for  small  wheels.  Fig.  102 
shows  such  a  section,  consist- 
ing of  a  disc  proper,  a  hub,  and 
a  strengthened  outer  ring  to 
which  the  blades  are  attached. 

If  we  suppose  the  blades 
made  in  one  piece  with  the 
wheel,  they  exercise  a  cen- 
trifugal force  per  sq.  in.  (sq. 
cm.)  of  the  cylindrical  surface 
of  radius  xs  and  width  j/3, 
which  force  may  be  expressed 
as  cr3.  This  ring  suffers  an 
elongation  ff/  due  to  its  own 
centrifugal  force,  to  the  radial 
stress  crr2  of  the  disc  through 
the  width  y2,  and  to  the  load 
oiy  according  to  the  formula 


Fig.  102. 
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in  which  for  <rr2  the  expression  in  equation  22  may  be  placed,  let 
ting^r  =  x2. 

Similarly,  if  we  neglect  the  irregularity  of  the  distribution  of 
the  stresses  between  the  disc  and  the  hub,  as  well  as  the  radial 
stresses  in  the  latter,  we  have  for  the  hub 

ti'  =  ^y  [°-o  n  +  /*  <°2  so  Jo  *b  +  *Vi  ^r-1      •     •     (24) 

in  which  <r0  represents  the  pressure  per  sq.  in.  (sq.  cm.)  of  area  of 
internal  surface  of  the  hub,  27r;r0  j/0,  due  to  forcing  the  hub  on  the 
shaft.  On  the  other  hand,  the  radial  expansion  of  the  disc  due  to 
its  own  stress-condition  is,  at  xx  and  x2,  respectively  : 

f x  =  a  xx*  +  bx  xfi  +  b2  x**  ] 

....     (25) 
f  2  =  a  x?  +  bx  x2^  +  b2  x2**  J 

As  the  disc  is  in  permanent  connection  with  the  rim  and  the  hub, 
so  must 

?.  =  &'i 

(26) 

i,  =  fe'J 

From  these  equations  the  values  of  the  constants  bx  and  b2  are 
determined,  after  the  stresses  in  equations  23  and  24  have  been 
expressed  by  the  aid  of  xx  and  x2  of  equation  22.  The  complicated 
form  of  the  equations  demands  a  trial  assumption  of  all  dimensions 
and  a  checking  of  the  resulting  stresses. 

The  cross-section  of  the  rim  is  governed  by  the  size  of  the 
blades  and  the  method  of  attaching  them,  which  demands  a  fairly 
arbitrary  value  of  B3.  The  thickness  of  the  disc,  y2,  can  be  deter- 
mined approximately  from  the  assumption,  that  the  centrifugal 
force  of  the  blades  and  rim  is  carried  directly  to  the  wheel  disc, 
causing  the  stress  <rr2.  If  we  substitute  for  this  stress  the  allow- 
able value  <rr2,  then  jj/2  can  be  determined  from  the  equation, 

°rlyi  =  *iy%  +  vyA«>2xz (27) 


DISC-WHEEL   OF    VARYING   THICKNESS.  163 

Now  choose  a  trial  value  for yl}  and  the  equations 

yx  —  c  Xi 
y2  =  c  x2 


determine  the  exponents, 


© 


loSl- 


108  0 


(27a) 


The  dimensions  of  the  hub  must  also  be  somewhat  freely  chosen, 
in  conformity  with  the  size  of  the  disc  and  the  diameter  of  the  shaft. 
Not  until  now  will  the  calculation  give  exact  values  for  the  stresses 
<rr  and  at,  of  which  <rt  for  x  —  x2,  is  the  most  vital. 

If  it  is  desired  to  carry  on  this  discussion  to  results  of  greater 
accuracy,  we  must  take  into  account  the  "  cross-sectional  contrac- 
tion "  of  the  rim  and  hub.  For  the  former  there  is  a  tangential 
stress 

,  =  ^_    ^  y%  +  put  33  ya  tf3   -  <r2r  y2 -2]  . 

The  radial  stress  can  be  estimated  as  follows :  at  the  outer  cir- 
cumference the  approximate  stress  <r3  exists.  At  the  inner  circum- 
ference, we  have  a2r  y2  per  unit  length,  which  we  can  consider 
uniformly  distributed   over  the  width  y3  through  a  suitable  fillet, 

giving  the  stress     r2  /2  .       As  a  mean  value  for  the  entire  rim  or 

ring  we  have  approximately 


'-'-l{''  +  %'») 


Further,  the  tangential  expansion  of  the  ring  per  unit  length  is 

'-g.W  -»<) ^28) 

and  the  elongation  of  the  radius  is 

&=*,* (29) 
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which  value  can  be  used  in  place  of  equation  23.  In  like  manner 
we  can  consider  the  hub,  and  apply  the  formulae  developed  below 
for  "discs  of  uniform  thickness."  In  general  cr/  is  small  in  com- 
parison to  a/,  and  in  order  to  simplify  the  calculation,  already 
sufficiently  complicated,  equations  23  and  24  may  be  used.  For 
similar  reasons  it  is  recommended  that  we  do  not  attempt  to  solve 
for  the  constants  bY  b2  in  the  equations  expressed  in  algebraic 
symbols,  but  rather  substitute  directly  the  given  and  assumed 
numerical  values  in  equation  23. 

SIMPLIFIED   RIM  CONDITIONS. 

For  thin  discs,  not  heavily  called  upon  for  strength,  the  follow- 
ing approximate  method  may  be  used  :  first  assume  the  hub  to  be 
so  strongly  designed  that  in  formula  21,  for  x  =  0,  also  £  =  0 ; 
that  is,  that  the  disc  behaves  in  such  a  manner  that  it  can  be  con- 
sidered as  solid  through  to  the  center  of  the  shaft.  As  ^  is  nega- 
tive, 

b2  =  0; 

so  that  only  the  constant  bx  remains  unknown  in 

?  =  a  *»  +  &!  a* (30) 

In  order  to  determine  this  value,  we  make  for  the  disc  the  further 
unfavorable  supposition  that  the  rigidity  of  the  ring  yz  B3  be  neg- 
lected, so  that  the  value  represented  by  a'r2  in  equation  27  be- 
comes the  actual  radial  stress.  We  have,  therefore,  according  to 
equation  22, 

-2  [(3  +  v)  a  x22  +  (ti  +  " )  &i  ^1~1]  •     (31) 


o~„<>  = 


1  -  V* 


an  (assumed)  fixed  value,  with  the  help  of  which  we  calculate  the 
dimension  y2  according  to  Formula  27, 


y* 


=  J^+^ (32) 


The  constant  bx  is  calculated  by  solving  Formula  31.     If  we  use 
the  abbreviated  form 

*•  -  8 -(3 +  *)<*'  '      ~  22  (3  +  *)*,»      *     (88) 
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b  ~    V2  °"2r    +    °"« 

and  the  stresses  are 


then, 


E  (ti  +  v) 
<ra(~)    +  (** 


*i-i 


CF,    =    — 


1  +  3* 

3  +  v  ' 


aU/ 


+ 


1  +  ^i  v 
tyi  +  v 


K2+  *■«)[- 


.r 


*i-i 
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(34) 

(35) 
(36) 


r# 


Now  we  still  have  the  hub  cross-sec- 
tion y0  80  to  determine,  in  order  to  satisfy 
the  conditions  in  equation  26.  Here  the 
centrifugal  force  of  the  hub  is  neglected, 
the  stress  cr0  due  to  forcing  the  hub  on  the 
shaft  being  taken  into  consideration  by 
multiplying    the     stress    arl     by    a    factor 

0>1,  i 

so  that  with  the  assumed  value  of  S0  (and 
consequently  x0),  we  have  the  following  : 


Fig.  103. 


<h— i 


y«  =  /3 


^i^o/^i  +  * 


(^,2    +    A" 


\.v2/  3  +  »  V.f2/ 


(37) 


This  value  of  j0  is  the  minimum.  If  y0  is  increased  beyond  this 
value,  the  stresses  on  the  disc  become  smaller.  With  strong  discs, 
j/q  is  impractically  large  according  to  this  calculation;  in  such  cases 
the  diameter  of  the  hub  may  be  freely  assumed,  and  the  stresses 
calculated  according  to  Formulae  23  and  24. 

For  the  disc  of  uniform  thickness,  Fig.  103,  y  =  constant,  the 
solution  is  greatly  simplified,  and  we  have 


f  =  ax* -f  bxx  + 


b. 


with 


a  =  — 


/jl  or  (1  —  v2) 
$E 


(38) 
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The  limiting  conditions  give  as  before  for  the  expansion  of  the 
hub  and  of  the  outer  ring,  the  values  of  f /  and  f/  according  to 
equations  23  and  24,  while  for  the  disc  we  have 


?i  =  a*i2  +  Mi  + 


b, 


-r, 


£2=  ax*  +  bxx2  + 


bo 


(39) 


J 


After  determining  the   corresponding  values   of   arl  and  <rr2  from 
equation  22,  we  obtain  the  values  of  bx  and  b2  from  the  relations 

ft  =  ft'  and  ft  =  ft'. 
Using  ^!  and  $2  we  find  f,  and  finally  from  equation  22,  the  stresses. 


40,   THE   DISC   OF   UNIFORM   STRENGTH. 

The  disc  of  uniform  strength  should  fulfill  the  conditions,  that 
the  radial  and  tangential  stresses  throughout  its  mass  are  of  con- 
stant value.     Accordingly,  in  equation  8  we  substitute 


rfti 


<rr  =  at  =  a 

= 

constant ; 

and 

get 

dy  + 

dx 

/JLQJ 

a 

-  xy 

=  0 

and 

by  integration, 

fJL  CD 

2<r 

i 

—  m 

2a 

=  ya* 


y« 


(40) 


(41) 


in  which  ya  is  the  thickness  of  the  disc 
carried  to  the  shaft  center,  and  w  the  peri- 
pheral velocity  at  a  distance  x.  These 
formulae  have  been  used  for  quite  a  time 
in  the  design  of  the  Laval  turbine. 

The  specific  elongation  is  found  to  be 
equally  large  in  all  directions,  and  the 
linear  expansion  is 
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g^1  ~V  ax (42) 


It  is  here  to  be  noted,  that  a  considerable  error  would  be  made 
by  neglecting  the  contraction  of  cross-section,  that  is,  by  assuming 
v  =  0,  as  may  be  seen  from  the  limit  conditions. 

We  can  construct  the  disc  either  solid  across  or  with  a  hub, 
(see  Fig.  104).  In  the  latter  case,  Formulae  23  to  26  can  be  ap- 
plied if  crrl  =  ar2  =  a.  The  conditions  fj  =  f/  and  £2  =  f/  are  in 
full: 


v  x, 

Ed 


V 

-ax2  = 


^Ly0  +  /.a>2S0y0^  +  <r^i]      .       (43) 
-  k3>'3  +  P2^)V^  -  ^^-2        •      (44) 

'3L  -^3    J 


The  strength  of  the  rim  yz  83  is  again  determined  by  construc- 
tive reasons,  and  equation  44  serves  for  the  calculation  of  y2.  In 
order  that  this  may  not  be  negative,  cr  must  not  be  assumed  too 
large.  We  then  find  for  the  simple  case,  that  cr3  =  0  and  approxi- 
mately xz  =  x2,  the  condition  : 


in  which 

2 


o"»  =  V<<*z 


representing  that  stress  that   a  freely  rotating  ring   of  radius  x2 
would  develop.      This  condition  will  no  doubt  always  be  fulfilled. 

Equation  41  serves  for  the  calculation  of  y1  from  y2  according 
to  the  formula 


0)2 

(-*22-*l2) 


y\  =  J2  e  (46) 


and  finally,  equation  43  serves  for  the  calculation  of  y0  from  the 
values  x0  and  80,  which  are  freely  assumed. 
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The  construction  of  the  solid  disc,  that  is,  without  hub,  is,  ac- 
cording to  de  Laval,  recommended  wherever  possible,  as  the  tak- 
ing into  account  of  the  hub  influences  in  the  calculation  forms  only 
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a  rough  approximation.  In  this  case,  only  equations  44  and  41 
need  be  taken  into  account  to  find  the  unknown  quantities  y2  and 
ya.  For  attaching  the  shaft,  de  Laval  uses  two  strengthening-rings 
to  decrease  the  stresses  at  this  place,  and  to  get  rid  of  the  weakness 
of  the  disc  at  this  circumference.  (See  Fig.  105.)  For  this  can  be 
also  used  a  device  fitting  closely  under  the  blade-rim,  patented  by 
the  Humbolt  Machine  Works. 

G rubier  has  shown  in  the  discussion  of  his  formulae*  for  discs 
of  uniform  thickness,  that  by  even  a  very  small  hole  at  the  center 
of  the  disc,  the  strains  in  the  disc  are  double  those  in  a  solid  disc. 
We  must  therefore  be  prepared  to  meet  similar  influences  in  discs 
of  unequal  thickness  or  with  eccentrically-bored  holes,  and  in  this 
direction  the  utmost  caution  is  recommended. f 


41.    GEOMETRICALLY  SIMILAR    DISC-WHEELS. 

It  is  to  be  noted  that  in  the  above  formulae,  all  stresses  depend 
only  on  the  square  of  the  peripheral  velocity,  and  not  on  the 
absolute  value  of  the  radius.  This  is  not  alone  characteristic  of  the 
formulae  already  discussed,  but  on  the  other  hand,  is  general,  as  can 
be  proved  from  the  following  discussion. 

Let  us  compare  two  geometrically  similar  disc-wheels  of  any 
given  form  (including  blades,  etc.),  of  which  the  second  has  k  times 
as  large  linear  dimensions  as  the  first,  and  whose  distortions  at 
similar  points  on  each  wheel,  due  to  the  influence  of  centrifugal 
force,  we  may  imagine  to  be  proportional.  From  this  assumption, 
the  stresses  in  the  same  directions  at  similar  points  are  equal. — 
The  angular  velocities  of  the  rotating  discs  are  &>  and  &>',  respec- 
tively. We  cut  from  these  disc-bodies  two  homologously  situated 
and  geometrically  similar  elements.  The  corresponding  element 
of  the  second  disc  has  kz  times  as  great  a  volume,  therefore  kz 
times  as  great  a  mass,  as  the  element  of  the  first  disc.  The  dis- 
tance of  this  element  of  the  second  disc  from  its  axis  is  k  times 

a/2 
as  great  as,  and  therefore  the  total  centrifugal  force  k*  — ^  times 

ftr 

greater  than,  that  of  the  first  element.      The  surface  forces  give 


*  Zeitschr.  d.  Ver.  deutsch.  Ing.,  1897,  p.  860. 

t  See  also  the  exceedingly  interesting  discussion  by  Kirsch,  Z.,  1897,  p.  798. 
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only  k2  times  as  great  resultants  ;  and  in  order  to  preserve  equi- 
librium of  forces,  it  is  necessary  and  sufficient  that  co2  =  k2  &/2;  that 

is,  that  a/  =  —  .    But  then,  the  velocity  of  the  outmost  circumfer- 
k 

ence  of  the  discs  is  equally  great,  and  we  may  say  :  The  strains 
in  geometrically  similar  discs  of  any  given  form  are,  with  equal 
peripJieral  velocity,  equally  great  at  similarly  situated  points. 

Imagine  a  symmetrical,  disc  divided  into  two  equal  parts  by  a 
plane  of  symmetry  at  right  angles  to  its  axis.  The  centrifugal 
forces  of  each  half  are  obviously  in  equilibrium.  Now  remodel 
each  half  into  a  disc  also  symmetrical  with  respect  to  a  plane  at 
right  angles  to  the  axis.  Then  we  can  see  that  the  axial  dimen- 
sions of  the  wheel  (and  of  course  also  the  blades,  etc.)  can  be  pro- 
portionally increased  or  decreased  at  will,  without  any  changes  in 
the  stresses,  velocity  remaining  constant. 

Let  us  now  geometrically  enlarge  a  wheel,  so  that  the  linear 
dimensions  are  doubled,  and  retain  the  original  peripheral  velocity. 
In  similarly  situated  points  there  exist  the  same  stresses.  Divide 
the  wheel  by  a  plane  of  symmetry  as  before,  and  the  same  is  then 
true  for  each  half.  But  we  can  imagine  these  halves  to  have  been 
so  formed  that  all  radial  dimensions  are  doubled.  These  two  latter 
discussions  may  be  united  in  the  following  rule  : 

With  constant  peripJieral  velocity,  both  axial  and  radial  dimen- 
sions of  a  wheel  may  be  increased  or  decreased  eitJier  separately  or 
in  any  independent  ratio,  without  in  any  way  changing  the  specific 
stresses  at  similarly  situated  points. 


42.    STRESSES   AND   MATERIALS   OF    CONSTRUCTION. 

If  it  is  desired  to  ascertain  the  highest  velocity  which  can  be 
attained,  the  question  must  first  be  decided:  what  material  can  be 
used,  and  what  stress  may  be  permitted?  According  to  Formula 
41,  it  is  sufficient  to  use  ordinary  wrought  iron  or  wrought  steel  for 
velocities  of  200  meters  (656.17  ft.).  For  300  meters  (984.25  ft.) 
crucible  cast  steel  can  be  used.  When  400  meters  (1  312.33  ft.)  or 
over  is  reached,  then  new  construction  materials  are  necessary.  In 
fact,  at  1  500  kg.  per  sq.  cm.  (21  300  lb.  per  sq.  in.)  according  to  For- 
mula 41,  with  w  =  400  meters  (1  312.33  ft.),  the  ratio  ^  is  about 

?2 
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TO;  that  is,  if  y2  is  assumed  as  only  5  mm.  (0.2  in.)  then ya  =  350 
mm.    (13.78    in.).       But  if  we  could  take   2  500  kg.  per  sq.   cm. 

(35  500    lb.  per    sq.    in.),   then   is  ^  about  13,  and  hence  prac- 

ticable.  Here  we  can  take  advantage  of  the  properties  of  nickel- 
steel.  The  Krupp  Co.  of  Essen  recommends  as  suitable  mate- 
rial for  turbine-discs,  a  nickel-steel  of  about  90  kg.  per  sq.  mm. 
(127  800  lb.  per  sq.  in.)  tensile  strength,  and  12%  elongation, 
with  65  kg.  per  sq.  mm.  (92  300  lb.  per  sq.  in.)  as  the  elatics 
limit.  Furthermore,  Krupp  states  that  there  is  also  a  nickel- 
steel  of  still  higher  strength,  but  correspondingly  less  elonga- 
tion, and  that  with  small  forged  pieces  a  tensile  strength  has  been 
reached  of  over  200  kg.  per  sq.  mm.  (28-4  000  lb.  per  sq. 
in.)  and  an  elastic  limit  of  over  160  kg.  per  sq.  mm.  (227  200 
lb.  per  sq.  in.).  The  following  figures  were  taken  from  Krupp's 
tables  : 

IN  FRENCH   UNITS. 


Ultimate  Tensile 

Strength.     Kilogram  per 

Square  Millimeters. 

ELONgATION, 

Per  Cent. 

Elastic  Limit.     Kilogram  per 
Square  Millimeters. 

180 
178 
177 
182 
149 
219 

7.0 
5.5 
6.0 
4.1 

6.8 

96        1 
108 
148 
160 
132 
150 

Measured  on  rod,  12 
millimeters    diam- 
eter, and  between 
points,     100    mil- 
limeters apart. 

IN  ENGLISH  UNITS. 


Ultimate  Tensile 

Strength.     Pounds  per 

Square  Inch. 

Elongation, 
Per  Cent. 

Elastic  Limit,  Pounds  per 
Square  Inch. 

255  600 
252  760 
251  340 
258  440 
211  580 
310  980 

7.0 

5.5 

6.0 
4.1 

6.8 
(?)* 

136  320      "1 
153  360 
210  160 
227  200 
187  440 
213  000 

Measured    on    rod, 
0.472  inch   diam- 
eter, and  between 
points,     3.937  in. 
apart. 

*  Elongation  was  not  measured,  because  rod  broke  on  center-punch  mark  near  end. 
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Whether  the  application  of  such  a  hard  nickel-steel  is  practi- 
cable for  turbine  discs,  can  only  be  determined  by  experiment  and 
actual  practice.  Up  to  the  present  time  discs  have  been  furnished 
that  show  under  test  about  95  kg.  per  sq.  mm.  (134  900  lb.  per 
sq.  in.)  ultimate  tensile  strength,  and  14%  elongation  with  an 
elastic  limit  of  73  kg.  (103  630  lb.  per  sq.  in.). 

The  value  of  the  allowable  working  stress  must  evidently  be  left 
to  the  judgment  of  the  designer.  According  to  the  opinion  of 
Krupp,  the  stresses  in  one  and  the  same  direction  may  be  permitted 
to  run  up  to  about  one-third  of  the  elastic  limit,  and  eventually 
even  higher. 

Disc-wheels  furnished  by  Krupp  up  to  the  present  time  fail  to 
show  any  indications  of  internal  stresses,  nor  have  any  flaws  been 
found  in  the  finished  machine  parts  ;  and  it  may  be  assumed  that 
internal  stresses  do  not  exist. 

The  price  of  turned  and  finished  disc-wheels  of  1  000  to  3  000 
mm.  (39.37  in.  to  118.11  in.)  diameter  is  given  by  Krupp  as, 
roughly,  350  to  270  marks  per  1  000  kg.  ($40  to  $30  per  1  000 
pounds).  As,  however,  wheels  of  2  000  mm.  (78.75  in.)  diameter 
and  1  000  kg.  (2  200  pounds)  are  entirely  practicable,  the  cost 
of  this  item  in  the  construction  of  the  turbine  will  prove  no  hin- 
drance at  all. 

43.  THE    MASS-BALANCING   OF   ROTATING   RIGID    BODIES. 

Next  in  importance  to  sufficient  strength  in  the  design  and  con- 
struction of  turbine  drums  and  wheels  is  the  avoidance  or  vibra- 
tions. The  importance  of  the  danger  of  neglecting  this  fact  may 
be  seen  by  considering  a  Laval  wheel  of  760  mm.  (30  in.) 
diameter  and  420  meters  (1  378  feet)  peripheral  velocity.  An  un- 
balanced weight  of  0.1  kg.  (0.22  lb.)  at  the  rim  of  this  wheel 
causes  a  centrifugal  force  in  the  disc  of  nearly  5  000  kg.  (11  000 
lb.).  We  must,  therefore,  by  adding  weights,  try  to  bring  about 
such  a  distribution  of  masses  around  the  rotating  axis  that  the 
centrifugal  forces  all  balance  each  other.  The  determination  of 
these  additional  masses  we  call  Mass-Balancing. 

If  the  axis  of  rotation  is  assumed  as  fixed,  then  it  is  necessary 
and  sufficient  to  suppose  the  centers  of  gravity  of  all  masses  to  lie 
in  this  axis,  and  the  so-called  centrifugal  moment  to  disappear.      It 
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is  especially  emphasized,  because  of  the  still  frequent  misunder- 
standings, that  the  first  condition  alone  does  not  suffice,  as  is 
immediately  clear  from  a  refer- 
ence to  Fig.  106.  The  center 
of  gravity  of  the  two  masses  m, 
equally  large  and  equally  distant, 
falls  in  the  axis ;  but  their  cen-  "** — 
trifugal  forces,  instead  of  bal- 
ancing, constitute  a  moment  and 
generate  opposite  forces  in  the 
bearings. 

If  the  exact  position  of  the 


Fig.   106. 


forces  creating  unbalanced  moments  in  rotating  bodies  is  known,  as 
for  instance  mY  and  m2  in  Fig.  107,  we  can  arrive  at  complete  bal- 
ancing by  bringing  the  additional  masses  into  the  planes  Ef  and 
E" .  The  action  of  the  mass  mx  at  radius  rx  is  neutralized  by  the 
additional  masses  m{  and  tn"  at  radii  r/,  r/',  provided  rlf  r{>  r{9 


lie  in  the  same  plane  and  the  centrifugal  forces  of  mlt  m{>  m{f  are 
in  equilibrium.     We  must  therefore  have 


m\  rx  <w2  =  m{  r /  &>2  -+-  m"  r{f  w2  ^ 


m{ >/ <*2 a{  =  m{' >x" a)2 a{' 


.     .     .     .     (1) 
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in  which  a{,  a"  are  the  respective  distances  of  the  planes  E',  E" 
from  mx.     These  equations  are  especially  well  satisfied  if  we  take 

mx  =  Mi  +  m" (2) 

and  determine  the  radii  from 


r^n'  +  n"  ^ 


rx  ax  =  rx   ax 


(3) 


which  expresses  nothing  else,  than  that  the  additional  masses,  equal 
to  mx  at  radii  r/,  r/'  have  moments  which  balance  the  moments  of 
m1  atr1.  In  the  same  manner  m2  and  any  other  masses  creating 
further  unbalanced  moments  should  be  treated.  The  individual 
masses  m{,  m{  .  .  .  mkr  in  E',  and  tn{\  m"  ...  in  E"  are  com- 
pensated for  by  an  added  single  mass  equal  to  the  sum  of  the  indi- 
vidual masses,  located  at  their  common  center  of  gravity.  This 
determination,  according  to  the  above  method,  is  not  possible  with- 
out further  investigation,  because  the  location  of  the  masses  creating 
unbalanced  moments  is  unknown ;  but  this  method  deserves  the 
consideration  of  the  designer.  It  may  then  be  stated  :  Complete 
mass-balance  can  be  obtained  in  tJie  case  of  rotation  about  a  fixed 
axis  by  the  addition  of  two  suitable  masses  in  the  two  otherwise 
arbitrary  planes  at  right  angles  to  this  axis. 

Theoretical  mechanics  aid  us  in  the  determination  of  the  loca- 
tion and  magnitude  of  the  masses  creating  unbalanced  moments,  as 
for  instance  by  pendulum  experiments  the  moments  of  inertia  may 
be  found ;  and  from  these,  by  calculation,  the  so-called  centrifugal 
moments.  However,  we  may  be  fairly  certain  that  because  of  the 
heavy  machine  parts  that  enter  into  this  question,  this  method  can- 
not be  depended  upon  for  sufficiently  accurate  results.  We  often 
try  with  drums,  after  their  center  of  gravity  has  been  brought  into 
the  axis  of  rotation  in  the  ordinary  way,  by  adding  masses  to  deter- 
mine the  position  of  the  unbalanced  moments.  This  is  accomplished 
by  rotating  the  drums  in  bearings  by  means  of  vertically-led  belts, 
the  bearings  being  horizontally  adjustable  on  rollers.  The  drum 
then  vibrates  about  a  vertical  axis,  and  by  chalking  the  places  of 
greatest  deviation  the  location  of  the  unbalanced  masses  is  found. 
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This  method  can  also  be  used  for  a  mathematical  determination  of 
the  unbalanced  moments.*     The  sensitiveness  of  this  method  was 


*  Let  the  "  balance-mass  "  m  found  in  the  ordinary  way  be  brought  to  the  circum- 
ference at  radius  r0,  so  that  its  center  of  gravity  lies  in  the  shaft's  axis. 

During  the  rotation  the  vibrations  about  a  vertical  axis  Z  (Fig.  108)  passing 
through  the  center  of  gravity  S,  follow  the  law  that  the  loss  of  the  moment  of  momen- 
tum (the  "impulse  moment  ")  at  any  instant 
is  equal  to  the  moment  of  external  forces.  A 
certain  point  P  has  the  velocity  rw  due  to 
rotation  about  axis  o,  and  the  velocity  p  e 
due  to  rotation  about  axis  Z,  according  to 
Fig.  108.  The  impulse  moment  for  Z  is,  if 
rut  is  resolved  into  two  components, /w  and 

-24) 


e 


X  5  m  p2  e  —  1.  5  m  oj  x  z    .     (4) 

The  so-called  "  centrifugal  moment " 
2  5  m  x  z  is  a  maximum  for  a  certain  posi- 
tion in  the  coordinate  plane  X  O  Y,  and  dis- 
appears for  a  position  at  right  angles  thereto. 
To  prove  this,  take  a  second  position  in  the 
coordinate  system  X'  Y'  Z' ,  in  which  the  X 
and  X  axes  coincide.  We  have  according 
to  the  notation  in  the  figure, 

z  =  y  sin  0  +  z'  cos  0       .     .     (5) 
and 

K  =  2  8m  x z 

=  sin  0  2  8  m  xy'  +  cos  0  2  5  m  x  z\ 
or  simplified, 

X  =  A  sin  0  +  B  cos  0    . 
If  A  =  R  cos  a ;  B  =  R  sin  a, 

then  is  A'=^sin(0+a) (7) 

If  we  consider  Y'  Z'  as  fixed  and   YZ  as  movable,  then  K  =  R,  and  is  a  maxi- 
mum when  7T 

0  =  0O  =  2  ~  a 
If  0  =-  +  0O ,  then  X~=Q.     We  take  0O  as  the  angle  of  the  Y'  X'  plane,  and  |  +  0O 
as  the  angle  of  the  Z'  X'  plane,  so  that 

28mxy  =  0,         *L8mxz'=R (8) 

Now  imagine  the  system  X'  Y'  Z'  rotating  with  the  bodies,  and  we  have  for  the  sta- 
tionary system  X  Y  Z 

2  8  mxz  =  R  cos  0 (9) 


(6) 


Fig.  108. 


in  which  R  is  unknown, 
equation  4  becomes 


If 


2  5  m  p2  =  J  and  (ft  =  at 
0  =  Je  —  R  w  cos  w  / 


(10) 
(11) 


dd 


The  moment  of  the  external  forces  is  0,  hence  the  derivative  —  disappears.     As 
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increased  by  placing  springs  horizontally,  so  that  they  acted  on  the 
bearings.  If  the  number  of  revolutions  attained  the  value  for  the 
vibrations  of  the  system,  consisting  of  drum  and  springs,  then 
"resonance"  occurred  ;  that  is  the  vibrations  were  increased  to  a 
certain  degree  by  the  friction  of  the  atmosphere,  etc.,  and  very 


the  unbalanced  mass-moments  are  small,  w  can,  as  a  first  approximation,  be  consid- 
ered constant,  and  we  have 

—  R  ur  sin  <a  t 


From  this 


J—  =  —  RoPsmwt (12) 

/e=  Rw  cos  ut     .     .     . (13) 

and  with  ^=ewe  get  for  the  purely  periodical  angle  \p  for  the  horizontal  vibrations 
at 

of  the  body  J\p  =  R  sh\<at (14) 

When  ut  =  -  >  then  j/'  reaches  the  positive  maximum  value  \p  0,  while  the  plane 

R  has  turned  through  the  angle  ir.     R  and  ipo  are  opposite  to  each  other  if  we  regard 

them  as  vectors. 

If  the  amplitude  ^o  is  determined  experimentally,  then  can  also  be  found  the 

unknown 

^=/^o (15) 

For  J  may  be  placed,  under  the  assumption  of  homogeneous  mass  distribution,  the 

calculated  (or  experimentally  determined)  polar  moment  of  inertia  of  the  masses. 

The  moment  R  should  be  brought  equal  to  0,  by  the  added  masses  m±  and  m2, 

for  which  purpose  it  is  necessary  that  their  center  of  gravity  should  coincide  with  S  ; 

that  is,  with  the  notation  in  Fig.  109 

mipi  =  m2p2  ) 

(16) 

m\X\Z\  -f  m2x2z2  =  —R   ) 

from  which  with  assumed  pi,  p2  and  a,  we  can   determine  the  masses  m\m2.      The 

planes  in  which  m±  m2  are  to  lie  are  determined 
by  chalking  while  rotating,  and  m\  m2  so  placed 
that  they  act  against  each  other  in  the  sense  of  R. 
According  to  equation  14,  if/  reaches  its  maximum 
when  the  "  heavy  "  place  of  the  drum  lies  diametrically 
opposite  on  the  other  side;  that  is,  the  chalk-mark 
appears  on  the  "  light  side."  Hodgkinson  says  he  ob- 
served that  the  chalk  mark  plane  deviates  90°  from 
the  plane  of  R.  With  sufficiently  small  friction,  this  is 
not  possible  from  the  above  discussion. 

The  original  balance-mass  m  can  be  resolved  in 

the  normal  planes  into  m\  and  m2  and  the  values  m' 

and  tn"  can  be  united  with  m\  and  m2  respectively, 

pjcr.  109.  according  to  the  law  locating  their  center  of  gravity 

(see  above). 

If  it  is  desired  to  investigate  the  acticr.  of  the  springs  above  mentioned,  then 

must  be  equal  to  the  moments  of  the  springs,  plus  the  moments  of  the  air-resist- 
ances.    The  first  can  be  inserted  in  the  calculation  as  k  if/,  the  second  as  k'  I J-Y  then 

integrated,  and  A'  determined;  k'  can  be  determined  by  pendulum  experiments,  pro- 
vided the  entire  process  does  not  fail  on  account  of  its  impracticability. 
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small  errors  of  masses  were  sufficient  to  create  visible  deflections. 
The  influence  of  these  springs  can  be  easily  taken  into  account  in 
the  calculation  given  below.  After  all,  practice  requires  that  we 
follow  the  path  pointed  out  by  experiments. 

It  might  be  useful  to  bear  in  mind  in  this  experimental  proce- 
dure that  the  action  of  an  unbalanced  centrifugal  force  must  be 
compensated  for  by  a  moment.  We  may  therefore  imagine  the 
unbalanced  masses  to  be  situated  as  shown  in  Fig.  110,  in  which 
are  given  the  unbalanced  centrif- 
ugal force  m0  and  the  moments 
of  the  equal  masses  m.  The 
plane  of  m  can  also  coincide  with 
that  of  m0 .  First  we  determine  in 
the  ordinary  way  the  counter- 
weight of  mQ ,  and  replace  this,  for 
instance,  with  the  masses  m0'f  m" 
in  the  end  planes  of  the  drum. 
We  must  now  experiment  in  order 

to  neutralize  the  moment  of  m,  with  two  other  equally  large  masses 
m',  which  are  also  placed  in  the  end  planes  of  the  drum,  concentri- 
cally and  symmetrically  with  the  center  of  gravity,  in  which  we  vary 
the  magnitude  and  position  of  m' .  If  it  is  proved  experimentally  by 
allowing  the  drum  to  rotate,  that  the  balancing  was  correctly  done, 
then  we  can  combine  into  one  mass  mQf  and  mf  on  one  side,  and  m" 
and  m"  on  the  other  side,  each  pair  according  to  their  common  center 
of  gravity.  It  is  recommended  not  to  fasten  these  masses  perma- 
nently, but  to  so  attach  them  that  each  is  adjustable  concentrically, 
so  that  they  can  be  placed  in  a  new  position  if  necessary  on  account 
of  the  change  in  the  center  of  gravity  frequently  caused  by  subse- 
quent vibrations,  as  for  instance,  those  due  to  the  fields  of  a  dynamo. 
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If  the  balancing  of  masses  as  explained  above  could  be  accu- 
rately determined  mathematically,  then  we  still  would  not  get  true 
running  of  the  shaft.  As  the  shaft  is  not  rigid,  it  is  bent  by 
the  opposing  centrifugal  forces  of  the  unbalanced  mass  moments 
and  balancing  masses,  and  can  therefore  run  considerably  out 
of    true.      Actually,  the   balancing  is  never  complete,  and   there 


Fig.  111. 
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remains  an  unbalanced 
centrifugal  force,  whose 
action  de  Laval  tried  to 
render  harmless,  by  plac- 
ing the  turbine  shaft  in 
well  separated  bearings, 
thus  permitting  a  large 
degree  of  flexibility.  In 
this  way  the  wheel  can 
rotate  at  high  velocities 
about  its  center  of  gravity 
on  a  "  free  "  rotating  axis, 
and  there  occurs  the  phe- 
nomenon of  critical  velocity  already  recognized  by  de  Laval,  but 
which  was  first  scientifically  explained  by  Rankine,  Reynolds*  and 
FoppL\ 

Let  us  imagine  an  otherwise  symmetrical  disc  with  center  of 
gravity  lying  eccentrically  at  e,  Fig.  Ill,  set  into  comparatively 
slow  rotation.  The  shaft  will  be  sprung  by  centrifugal  force  the 
distance  y  (measured  from  the  position  occupied  by  the  shaft  when 
bent  only  by  its  own  weight)  which  is  calculated  for  the  case  of 
relative  equilibrium  from  the  condition  that  the  centrifugal  force 
m  (y  -\-  e)  u>2,  in  which  m  is  the  mass  of  the  disc  (weight  of  shaft 
being  neglected),  and  must  be  equal  to  the  produced  elastic  oppos- 
ing force  of  the  shaft.  We  may  place  this  opposing  force  propor- 
tional to  the  deflection.  If,  then,  a  is  a  constant  depending  upon 
a  relation  of  shaft-lengths,  styles  of  bearings,  etc.,  the  elastic  resist- 
ing (opposing)  force  is 

P  =  *y (1) 

and  the  conditions  of  equilibrium  demand 

m  (y  -f  e)  co2  =  P  =  a  y (2) 

from  which  we  get  the  deflection 


a  —  m  or 
If  we  increase  the  angular  velocity,  y  increases  and  becomes 
nitely  large  when  a  —  m  co2  =  0,  or 


infi- 


*  See  Philos.  Trans,  of  the  Royal  Soc,  London,  Vol.  185,  year  1895,  page  281. 
t  Civil-Ingenieur,  1895,  p.  333. 


THE   FLEXIBLE   SHAFT  OF   LAVAL. 


ft) 


&>, 


V  m 


179 


(3) 


that  is,  the  centrifugal  force  would  bend  the  shaft  until  it  breaks 
(or  to  the  limits  of  the  hub's  strength).  This  value  of  u>k  we  shall 
call  the  "critical"  angular  velocity,  and  shall  refer  also  to  the 
critical  number  of  revolutions.  If  we  calculate  in  French  units  we 
shall  use  the  cm.  kg.  sec.  system  ;  in  English  units,  the  ft.  lb.  sec. 
system.  Then  a,  according  to  equation  1,  stands  for  the  force  in 
lb.  (kg.)  which  would  cause  the  shaft  to  bend  1  ft.  (1  cm.).     Let 

G  —  mg  be  the  weight  of  the  wheel, 

30  ft) 


the  number  of  revolutions  n  = 


IT 


Taking  g  =  32.16  ft.  (981 


cm.),  then  according  to  the  formula  of  Foppl, 

in  the  French  units,  OAA     /a 

n  =  oOO  1/— - 


or  in  the  English  units, 


54 


(8a) 


For  instance,  in  the  case  of  a  shaft  supported  in  two  bearings 
distant  2 /apart,  and  loaded  in  the  middle  with  a  disc 


y  = 


1  PP 


and  a 


6  JE 


6   JE  P 

for  the  shaft  fixed  at  both  ends,  under  similar  conditions, 


y  = 


24  J  E 


24  JE 


We  can  only  increase 
the  number  of  revolutions 
beyond  the  " critical"  val- 
ue when  bearings  are  pro- 
vided that  prevent  the 
excessive  bending  of  the 
shaft  while  it  is  passing 
through  the  critical 
speed.* 

Theory  and  practice 
agree  that  now  a  new 
condition  of   stable  equi- 


Fig.  112. 


*  Or  when  the  velocity  increases  so  rapidly  that  the  disc  "  has  no  time  "  to  deviate 
from  the  axis. 
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librium  occurs,  at  which  the  loaded  point  W  of  the  shaft  exchanges 
its  position  with  the  center  of  gravity  S,  as  is  shown  in  Fig.  112. 
The  deflection  is  found  from  the  formula 


and  we  get 


y  = 


m  (y  —  e)  co2 

= 

ay, 

m  co2  e 

e 

—  a  -f- mco2 

1 

n 

a 

tco2 

The  more  we  increase  co  the  smaller  y  becomes,  and  with  infi- 
nitely high  rotation,  y  =  e.  If  the  critical  velocity  cok  is  introduced, 
then 

e 


1  _.?** 

CO2 


(4) 


The  amount  of  the  still-existing  centrifugal  force  which  is  trans- 
mitted to  the  bearings,  is 

d  meco2  r 

y=?T~ 

<   1 

By  a  suitable  choice  of —  ,  that  is,  with  given  co  and  by  decreas- 

ing  (ok  it  is  possible  to  decrease  P  at  will  without  taking  into 
account  the  eccentricity  e>  which  in  practice  must  obviously  be 
made  as  small  as  possible.  De  Laval  thus  gives  his  turbine  shafts 
a  flexibility  so  that  co  reaches  a  value  of  seven  times  cok ,  and  no 
doubt  the  good  running  of  the  Laval  turbines  is  due  to  this  excel- 
lent idea  of  the  inventor. 

F'dppl,  in  his  theoretical  investigations  under  simplified  assump- 
tions, proved  that  conditions  represented  in  Fig.  112  give  not  only 
a  probable  but  a  stable  equilibrium.  The  general  proof  follows 
below. 

45.    DEVIATION  OF  ROTATING  DISC,  DUE  TO  SHAFT 
BENDING. 

The  deviation  of  a  rotating  disc  due  to  the  bending  of  the  shaft 
has  a  noticeable  effect  on  the  critical  velocity.  As  an  example,  take 
an  overhanging  disc  at  the  end  of  a  shaft  of  length  /  and  moment 
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of  inertia  J  (see  Fig.  113).  The  centrifugal  forces  give  with  an 
angle  of  deviation  r  of  the  disc  an  effective  moment  ®(o2t  in 
a  clock-wise  direction,  in  which 
@  is  the  mass  moment  of  in- 
ertia of  the  disc  referred  to 
an  axis  projected  through  5 
at  right  angles  to  the  elas- 
tic curve.  Under  the  in-  ^ 
fluences  of  this  moment  p 
and  the  centrifugal  force  m  $ 
(y  +  e)  (o2,  we  get  the  deflec-  || 
tion 

me(o2P  Z 


y  = 


2>JE     N 


with 


Z  =  1- 


fl  +  ^-1 


N 


1        mco2P 

T7ez 


(6) 


This  deflection  increases  beyond  all  bounds  when  N=  0,  that 
is,  when  co  reaches  the  value  calculated  from  the  equation 


mco,2  = 


ZJE 

l*Z 


or,  completely, 


1  m®l4 


CO, 


12  PE>    " 
Abbreviating  this  equation,  we  have 

Aa>tx  +  2  Br*/-  1  =  0 


(?) 
(8) 

(9) 


from  which  for  our  problem,  the  useful  solution  gives  a  constant 
finite  positive  value, 

-B  +  ^W+J       (10) 


Dankerley*  had  already  derived  equation  8,  but  did  not  interpret 
it  quite  correctly. 


*  Philos.   Transact,  of  Royal  Soc,  Vol.  185,  year  1895,  p.  305. 
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If  0  =  0,  we  get  «x2=^  C11) 

mr 

12  TF 
If®=   oo,  we  have     q> '2  =  ,        (12, 

For  a  fair  value  of  <s)  we  can  approximately  place  &>/  of  equa- 
tion 11  in  the  denominator  of  equation  7,  and  get 

•/*- ^o (13) 

1 ° _ 

4  fl  +  mr' 


The  deviation  of  the  disc  for  this  particular  case  therefore  causes 
an  increase  of  the  critical  velocity.  If  the  disc  has  been  mounted 
out  of  true  at  the  beginning,  it  would  not  change  Formula  7,  as  can 
easily  be  seen  by  recalculation. 


46.    CRITICAL  VELOCITY,  AND  THE   PERIOD  OF    OSCILLA- 
TION DUE  TO   ELASTICITY. 

Suppose  we  give  an  impulse  to  the  disc  at  right  angles  to  its 
position  of  rest.  (See  Fig.  111.)  This  will  set  it  vibrating  accord- 
ing to  the  formula 

d?y 

dt2 


m—4  =  —  P  =  —  ay 


(counting  y  from  the  position  of  equilibrium,  which  is  equivalent  to 
the  deflection  due  to  its  own  weight).  From  this  equation  is  readily 
deduced  the  time  required  for  a  complete  (to  and  fro)  vibration. 


r=2,H/w- 

"  a 


and  the  number  of  vibrations  per  second 


"  T     27r\m' 


but  the  critical  number  of  revolutions  of  tJie  shaft  per  second  is 


0) 


k  _     1        a 


Lit       IttX  m 


that  is,  nf  and  n  are  identical. 
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Dunkerley  first  pointed  out  this  relation.  This  is  not  true, 
however,  when  the  moment  of  inertia  ©  of  the  disc  enters  into 
the  question,  due  to  the  latter  being  obliquely  mounted. 


With  the  modern  many-stage  turbine  we  must  above  all  consider 
the  case  of  a  continuous  shaft  carrying  a  number  of  wheels,  whose 
centers  of  gravity  will  in  general  be  all  shifted  out  of  the  center 
line  of  the  shaft  and  through  their  unbalanced  centrifugal  forces 
create  phenomena  analogous  to  the  case  of  the  single  disc. 

THE  CRITICAL  ANGULAR  VELOCITY  OF  A 
MULTIPLE-LOADED  SHAFT. 

47.   TWO  SINGLE   WHEELS. 

Fig.  96  shows  the  condition  of  equilibrium  corresponding  to 
the  angular  velocity  co.  In  the  coordinate  system  XYZ  let  0lf  02 
be  the  points  of  application  of  the  bending  forces  on  the  geometric 
axis  of  rotation  through  the  two  bearings  ;  xlf  ylf  the  coordinates  of 
the  middle  point  of  the  one  disc  ;  and  x2,  y2,  those   of   the  other. 


Fig.   114. 

Let  the  coordinates  of  the  centers  of  gravity  Sx  and  S2  referred  to 
the  axes  £  and  y  parallel  to  the  original  X Faxes,  with  their  origins 
at  xx  yx  and  x2  y2  be  f Y ,  r)x  and  £2 ,  rj2 ;  therefore  e1 ,  e2  are  their 
"eccentricities."  The  torsional  deformation  compared  to  the  bend- 
ing is  always  so  small  that  a  change  of  the  angles  formed  by  eY  and 
e2  may  be  neglected.  The  centrifugal  forces  derived  from  the  disc- 
masses mx  and  m2  may  be  resolved  into  the  components 


X2  =  (x2  +  tj2)ni2  co2,  Y2  =  (y2  +  r)2)rn2«>2  i 
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Under  their  influences  the  shaft  is  deflected,  and  we  may  calculate 
constants  a  from  the  shaft  dimensions  and  determine  the  type  of 
support  from 

xx  =  an  Xx  4-  #12  X2)  yi  =  au  Yl  4-  al2  Y2 "] 

•     •     (2) 
x2  =  a2l  Xl  4-  a22  X2,  y2  =  a2l  Yx  +  a22  Y2  J 

in  which  a12  =  a2l*  If  we  insert  the  expressions  for  the  force- 
components,  we  have  the  equations  : 

(an  nil  co2  _  1)  #j  +  al2  m2  ft)2  x2  4-  an  f  x  mx  to2  +  al2  f  2  m2  co2  =  0 
a2i  m>i  °>2  ocx  4-  (a22  m2  co2  —  1)  x2  4-  a21  ^  mx  co2  +  a22  £2  m2co2  =  0 
(an  nil  co2  —  1)  yx  4-  au  m2  ft)2  y2  4-  an  nx  mx  co2  4-  al2  n2  m2co2  =  0 
a2l  mx  co2  yx  +  (a22  m2co2  —  1)  y2  4-  a2l  w1  mx  co2  -f  a22  v2  m2  co2  =  0 

The  values  xxx2yYy2  determined  from  the  above  increase  to 
infinity  when  the  following  determinants  vanish  : 


D 


On  my 


1)> 


a2l  my  co' 


(a22  m2  co2  —  1) 


The  critical  velocity  cok  can  therefore  be  calculated  from  the  equa- 
tion, 

D  =  (#n  mi  ft)/  —  1)  (a22  m2  ft)/  —  1)  —  al2  mY  m2  ft)/  =  0 

In  the  case  of  equal  masses  ml  =  ni2  =  m  arranged  symmetrically 
(also  equal  strength  of  shaft  and  bearing),  we  have  an  =  a22  =  a> 
a12  =  ft  ;    and 

amcok2  —  1  =  ±  /3  m  ft)/, 

from  which  two  values  of  the  critical  velocities  result 


mcoi 


a-/3 
1 


moo 


(3) 


a4-/^ 

These  correspond,  for  instance,  to  a  position  of  the  center  of 
gravity  on  one  or  on  several  sides  of  the  geometric  axis  that  origi- 
nally lay  in  one  plane. 

The  investigation  of  the  results  of  the  arrangement  of  three 
masses  becomes  greatly  complicated. 
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48.    GRAPHIC   DETERMINATION    WITH   ANY    DIVISION  OF 
MASSES  AND  WITH  ANY  VARIABLE  STRENGTH 
OF   SHAFT. 

The  graphic  solution  of  this  general  problem  can  only  be  ap- 
proximately accomplished.  Such  a  method  was  used  by  Vianello 
to  solve  problems  investigating  bending  stresses,  and  Delaporte 
describes  a  similar  process,  in  "  Reveu  de  mecanique,"  1903,  Vol. 
12,  p.  517.  We  shall  assume  the  fundamental  law  of  Mohr  for 
determining  the  elastic  curve  of  deflected  beams,  and  suggest  a 
somewhat  unusual  method  of  solution. 

A  shaft  with  any  arrangement  of  supports  is  loaded  with  the 
forces  P\Pi  ...  at  right  angles  to  the  beam-axis  ;  which  cause 
the  deflections  ylf  y2  .  .  .  at  their  points  of  application.  If  all  the 
forces  P  were  brought  to  Mimes  their  value,  then  the  deflections 
also  increase  Mimes.  The  shaft  carries  a  number  of  masses  whose 
centers  of  gravity  each  fall  in  the  center  line  of  the  shaft ;  let  the 
forces  P  be  the  centrifugal  forces  produced  by  the  masses  when 
the  shaft  rotates,  and  cause  the  deflections  yx ,  y2  .  .  .  So  long  as 
the  angular  velocity  co  is  small,  the  centrifugal  forces  are  not  enough 
to  deflect  the  shaft  ;  and  not  until  the  critical  number  of  revolutions 
has  been  reached  does  equilibrium  exist  between  the  centrifugal 
forces  and  the  forces  of  elasticity.  If  this  is  the  case  for  one  group 
of  yv  y2,  .  .  .  deflections,  then  it  will  also  occur  for  that  of  Mimes 
as  much,  since  with  the  increase  of  y,  P  also  increases  in  equal 
ratio.  In  other  words,  at  the  critical  number  of  revolutions,  the 
shaft  for  each  deflection  would  be  in  neutral  equilibrium. 

We  now  construct  a  trial  elastic  curve  depending  upon  the 
dimensions  of  the  given  shaft,  and  calculate  the  centrifugal  forces 
Plt  P2,  .  .  .  from  the  deflections  ylt  y2,  .  .  .  with  a  likewise  ar- 
bitrary angular  velocity  co.  From  these  forces,  the  bending  moment 
area  may  be  found,  and  according  to  Mohr  the  "first"  trice  elastic 
curve  corresponding  to  the  forces  P  and  their  ordinates,  which  we 
shall  call  y{>  y2,  .  .  .  can  be  obtained.  The  deflection  at,  say,  the 
middle  of  the  shaft  ym'  can  be  distinguished  from  the  initially  as- 
sumed value  ym  ;  for  instance,  it  may  be  smaller  ;  but  can  be  made 
equal  to  this  value  if  we,  instead  of  co,  use  the  higher  velocity 


\ 


ym7 (i) 
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because  thereby  all  forms  are  increased  in  the  ratio  —  •       If  all 

ym 

ordinates  are  increased  in  the  ratio    — -,  then    the  derived  "  cor- 

ar 

rected  "  elastic  curve  must  coincide  with  the  assumed  one,  if  we  had 
guessed  correctly  the  first  time.  In  this  case  &/  would  be  the  crit- 
ical velocity.  Actually,  the  curves  would  not  agree,  and  we  must 
repeat  this  method  by  allowing  the  "  corrected  "  elastic  curve  to  be 
the  second  assumed  one.  Its  coordinates  we  shall  call  yx*t  y2*  .  .  . 
The  construction  of  the  second  true  elastic  curve  gives,  according 
to  Mohr,  as  deflection  at  the  same  point  as  before,  ym"  ;  which  dif- 
fers from  ym*,  and  we  must  choose  again  a  new  <w  =  o>"  according 
to  the  equation 


J  m 


(2) 


//2 

and  the  ordinates  are  increased  in  the  ratio  — - -  •       If  the  so-cor- 

rected  elastic  curve  agrees  with  the  "second  assumption,"  then  &>" 
is  the  critical  velocity ;  in  any  other  case  the  method  must  be  again 
repeated. 


49.    SHAFTS    OF    UNIFORM    DIAMETER   UNDER   CONSTANT 
AND   UNIFORM   LOAD,   MATHEMATICALLY   CONSIDERED. 

Let  the  shaft  be  uniformly  loaded  over  its  entire  length  by 
closely-placed  disc-wheels  (Fig.  115),  which  shall  not  affect  the  flex- 
ibility of  the  shaft.  The  mass  of  the  disc  per  unit  length  is  m1;  the 
constant  moment  of  inertia  of  the  cross-section  of  the  shaft  isy# 
In  order  to  perform  the  calculation  in  its  simplest  form  we  shall 
assume  that  the  centers  of  gravity  of  all  the  discs  lie  in  one  and  the 
same  axial  plane,  and  are  deflected  in  the  same  direction  through 
the  constant  value  e  away  from  the  shaft  center.  The  weight  of 
the  shaft  is  included  in  the  weights  of  the  discs. 

When  equilibrium  occurs  at  the  velocity  ay,  then  a  shaft-element 
of  length  dx,  if  we  at  first  neglect  the  obliquity  of  the  disc,  is  subject 
to  the  action  of  the  centrifugal  force  mx  (y  -f-  e)  dxaP  (as  the  sup- 
plementary forces  of  the  relative  motion),  and  to  the  bending  mo- 
ments AV  and  M  as  well  as  to  the  forces  due  to  gravity  Sf  and  5. 
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If  we  call  the  centrifugal  force  pdx  where  p  is  the  "load"  per 
unit  length,  we  get  by  neutralizing  the  vertical  force  components, 


S'  -S  + pdx  =0,   or  ^=  -p       .     .     .     .     (1) 


and  when  the  moment  of  the  center  of  gravity  disappears, 


jr-lf-S^-S^O,  or    ^  =  S     ...     (2) 

—  —  (i  A 


We  shall  apply  to  these  equations  the  well  known  fundamental 
formulae  of  deflection,  which  for  the  inserted  direction  of  the  cocr- 
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Fig.  115. 


Fig.  116. 


dinates  in  Fig.  115,  M'  being  assumed  in  a  positive  direction,  gives 
the  following : 


JEdp>=-M 
dxi 


(3) 


From  this  we  have 


JE^  =  p  =  mia)2(y  +  e) 


(4) 
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The  general  integration  of  this  equation  gives 


y  =  ae^+a!  e0~kx  +  b  cos  k x  +  V  sin  k x  —  e 


in  which 


(5) 


(6) 


e0  being  the  base  of  the  natural  system  of  logarithms  (in  distinction 
from  e),  and  the  constants  a,  a! ,  b,  b'  must  conform  to  the  condi- 
tions of  the  problem  which  might  come 
up  in  the  following  special  cases. 

a. A  SHAFT  SUPPORTED  AT  BOTH  ENDS 

will   either  deflect   as  shown  in  a  or  /3 
(Fig.  117),  the  elastic  curve  remaining 
symmetrical   with  respect  to  a  vertical 
center  line ;  or  so  that,  as  shown  in  7, 
8,  the  elastic  curve  is  symmetrical  with 
respect  to  the  center  of  the  line  join- 
ing the   two    bearing    points,  in  which 
e  is  assumed  as  negligibly  small. 
In  the  first  case,  y  in  Formula  5,  if  we  take  the  abscissa  as  being 
measured  from  the  shaft's  center  line,  must  be  an  even  function, 
and  in  the  second  case  an  uneven  function  of  x.     In  both  cases 
there  enters  as  a  further  condition  the  stipulation,  that  for  x  =  /, 


Fig.  117. 


d2v 
y  =  0,  the  deflection  is  equal  to  0 ;    that  is,  —4  =  0. 

ax1 

quently,  for  the  even  function  a'  =  a,  b'  =  0,  and 


Con  se- 


tt = 


b  = 


2  (**+«-*)'  2coskl 

therefore  the  deflection  is  infinite  when  cos  kl  =  0,  or 


kl  = 


37T 


5tt 


For  the  uneven  function  we  get 
a'  =  —  a,  b  =  0,         a  = 


2(e0il-e-*1)' 


V  = 


2  sin  kl 
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therefore,  again,  a  critical  number  of  revolutions  when 

2tt      4-7T      6tt 
kl  =  T'     ~%%     TF  "  ' 

There  are,  therefore,  an  infinite  number  of  critical  values  kly 
which  bear  the  ratio  1  :  2  :  3  :  4  ...  to  each  other.  As  now  co  is 
proportional  to  k2  according  to  Equation  6,  it  follows  that  the  criti- 
cal velocities  have  the  ratio 

.     1  :  22 :  32 :  42  •  •  • 

In  particular  we  find  for  the  lowest  value  of  the  critical  velocity, 
when 


in  which  M  is  the  sum  of  the  masses  of  all  the  discs  and  the  shaft.* 
Then  we  have  for  the  shaft-radius  corresponding  to  the  critical 
velocity  a>k 


r=  0.5686 


V^ (8) 


OBLIQUITY   OF   DISCS. 

Taking  into  consideration  the  obliquity  of  discs  we  have  for 
the  conditions  of  equilibrium  of  the  forces  acting  upon  a  shaft- 
element,  Fig.  118  : 

M'  -M+  Sldx^dl-Sdx=0,  ord^  =  S  -O.co^    .     (9) 
dx  ax  ax 

dl  is  the  moment  of  inertia  of  the  combined  masses  of  the  discs 
per  unit  length  of  shaft  referred  to  an  axis  through  S. 


*  Mr.  IVissler,  chief  engineer  with  Sautter,  Harle  &  Cie.,  in  Paris,  informs  me 
that  he  also  derived  similar  formulae  for  the  use  of  his  department.  It  was  not  until 
after  the  appearance  of  the  first  edition  of  this  work  that  it  was  known  that  Dunkerley 
had  already  brought  out  the  above  solution  in  1895.  On  the  other  hand,  Dunkerley 
did  not  consider  a  special  problem  as  given  in  Article  76. 
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With  —  =  —  p,  the  differential  equation  of  the  shaft  deflec- 
tion takes  the  form 


j  E*y -%,**} 


dx' 


dx2 


mx  or  y 


(10) 


if  we  have  here  assumed  e  =  0,  and  determined  the  critical  number 
of  revolutions  in  the  simplest  manner  from  the 
conditions  that  the  centrifugal  and  elastic 
forces  are  in  neutral  equilibrium. 

For  the  shaft  supported  at  both  ends,  of 
length  2  /,  we  get  for  the  calculation  of  k,  by 
if  means  of  y  =  a  cos  kx,  the  equation 

JEk'  +  S,  co2k2-m1co2  =  0;  .     (11) 


Fig.  118. 


on  the  other  hand,  in  the  case  of  (a),  we  have 
on  account  of  rim  conditions,  for  the  deflection 


kl 


which  value  is  substituted  in  equation  11,  and  gives  for  the  critical 
velocity, 


CO, 


JEtt4 
16  mj4 


(12) 


The  critical  value,  therefore,  in  this  case,  is  considerably  increased 
by  the  obliquity  of  the  discs. 

/8.  — for  a  shaft  fixed  at  both  ends  of  length  2  /  we  have  a  pos- 
sibility of  deflection  which  is  symmetrical  with  respect  to  both  the 
vertical  center-line,  and  to  the  center  of  the  line  joining  the  two 
bearing  points.     The    further   limiting  conditions  are  y  =  0  and 


±  =  0  for  x 
dx 


I.       We    get    for  y    as    an    even    function    the 


occurrence  of  a  critical  velocity,  when 


tan  (kl)  =  -tanh(kl)      .     .     .     .     .     (13) 
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in  which  tan  h  is  the  so-called  hyperbolic  tangent,  for  whose  values 
the  "Hiitte"  (the  Engineer's  Pocketbook)  gives  complete  tables. 
The  solution  gives  as  roots, 

_.      3  7  11 

^  =  47r>      J77"'      "J" *"»   '  *  * 

If y  is  an  uneven  function,  it  follows  that 

tan  (kl)  =  +tan  h{kl) (14) 

with  the  roots 

__      5  9  13 

fc/  =  i7r,         -7T,  —TV,   ... 

The  critical  numbers  of  revolutions  are  to  each  other  as 
32:52:72:92:  ...  =1:2.8:5.4:9:  ..  • 
and  the  least  value  of  the  critical  number  of  revolutions  is 

-m§^s  •■•-.•  (i5» 

from  which  the  shaft's  radius  is 


r  =  0.3791  yMPEa*2 (16) 

If  we  assume  that  the  shaft  in  the  bearing  always  forms  a 
small  angle  with  the  geometric  axis,  that  is,  would  have  to  describe 
a  cone  during  rotation,  the  calculation  will  give,  surprisingly,  the 
same  velocities  as  for  shafts  horizontally  mounted.  The  same 
takes  place  when  the  shaft  has  been  mounted  from  the  beginning 
in  an  oblique  (fixed)  bearing. 

7.  AN     OVERHANGING     SHAFT    FIXED    HORIZONTALLY    AT    ONE     END 

gives  according  to  the  coordinate  system  shown  in  Fig.  119,  the  con- 
ditions y  =  0  and  ~-  =  0,  x  =  0  ;  further,  for  x  =  I  the  bending 

d2v  d3v 

moment  and  shearing  stress  =  0  ;   that  is,  — ^  =  0,  and  — =-  =  0 ; 

dx2  dxz 
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therefore,  we  have  four  equa- 
tions for  the  determination 
a,  a',  b,  b'  in  Formula  5. 

If   the   determinants    of 
the  coefficients  in  the  con- 
dition   equations    disappear, 
Fig.   119.  we    again     get    infinitely 

large    values    for    the    de- 
flection.    The  calculation  leads  to  the  expression 


V 

1 

0 

[i 

1 

.1 

X 

cos  £/[>*'+  e-"'~\  +  2  =  0 


(17) 


and  the  smallest  root  kl  of  this  equation  is  kl  =  1.875,  or  about 


7T    . 


1.19  —  as  compared  to  -  in  the  former  case ;  hence,  finally,  with 
Equation  6,  the  critical  velocity  is 


toh  mm  3.494 


or  the  radius  of  the  shaft  is 

r  =  0.5683  .7 


4   !Ml3CD* 


(18) 


(19) 


Actually,  the  stiffness  of  the  shaft  is  increased  by  the  hubs  of 
the  disc-wheels.  It  must  be  left  to  actual  practice  to  determine 
how  large  this  influence  is  ;  that  is,  how  much  of  the  moment  of 
inertia  of  the  hub  may  be  considered  as  assisting  the  shaft's  mo- 
ment of  inertia. 


50.  THE  UNLOADED  SHAFT  UNDER  THE  INFLUENCES  OF 

ITS  OWN  MASS. 

♦ 
HIGH   SPEED   TRANSMISSION. 

If  an  otherwise  unloaded  (e.g.,  vertically  conceived)  shaft  is 
bent  initially,  it  will  be  still  further  distorted  by  centrifugal  force, 
and  the  elastic  opposing  force  hereby  exerted  is  proportional  to  the 
difference  between  the  true  and  initial  deflections.     The  behavior 
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of  the  shaft  would  then  be  the  same  as  if  there  were  present  an 
ideal  straight  line  shaft  which  furnishes  the  elastic  forces  while  it 
is  being  loaded  by  the  eccentrically  placed  (otherwise  considered 
free)  masses  of  the  actual  shaft.  The  already  derived  formulae 
can  therefore  be  applied  without  any  further  conditions. 

For  the  shaft  supported  at  both  ends  of  length  2  /,  we  substitute 
in  Formula  7 

M  =  pTrr2  21 
and  get 


A* 

or 


..=  1.234^.  (1) 


r  =  0.811  a,tF  y/g (2) 

For  the  shaft  fixed  at  both  ends,  we  have 

o,=  2.776  rf>Jl (3) 

r  =  0.360  »tPyJt (4) 

For  the  shaft  fixed  at  one  end  of  length  /  is 

M  =  fjLirr'H 

^=1J47?v/f •  (5) 

r  =  0.5724  ?<*>,^/| (6) 


Finally  we  have  for  wrought  iron  with  /jl  =  0.0078  ~  981  and 
E  =  2  150  000,  and  introducing  the  revolutions  ;/  per  minute,  for 
the  three  cases 


and 
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1.633  n         0.725  72         1.147  - 
r  =  -Jqt"  /  w>     ^Jqt~  '  n>        1Q7  -r»,  respectively    .     (7) 

r  and  /  are  in  centimeters. 

If  r  and  /  are  in  inches,  then 

t 

4.148.,         1.842-         2.913  7, 
r  =  -jqt1  n>     ~\$rln>     "W~n  resPectlvely- 

As  an  example,  for  a  shaft  supported  at  both  ends,  with  n  =  1  500,. 
and  /=  100  cm.,  r  ==  2.45  cm.  or  if  /  =  39.37  in.,  r=  0.965  in. 
at  the  same  speed. 

The  above  derived  forms  deserve  consideration  in  the  design  of 
high  speed  transmissions,  for  we  demand  of  these  that  they  should 
be  kept  zvell  within  their  critical  number  of  revolutions. 


51.    THE    FORMULA   OF    DUNKERLEY. 

From  the  preceding  we  see  that  the  critical  velocity  can  be 
determined  mathematically  only  in  the  simplest  cases,  and  that  the 
graphical  method  is  very  unhandy.  It  is  therefore  fortunate  that 
Dunkerley  succeeded  by  a  long  series  of  theoretical  and  experi- 
mental investigations  in  deriving  a  simple  empirical  formula  that 
is  suitable  for  complicated  conditions. 

Imagine  a  shaft  with  any  style  of  bearings,  whose  critical  ve- 
locity when  rotating  unloaded  is  (o1.  On  this  shaft  a  wheel,  Tlf  is 
attached  in  a  certain  position.  Neglecting  the  mass  of  the  shaft, 
the  critical  velocity  co2  of  the  system  may  be  determined  mathe- 
matically. 

The  actual  critical  velocity  of  the  combined  shaft  and  disc  is, 
according  to  Dunkerley, 

After  removing  wheel  7i,  a  second  wheel  T2  is  mounted  at 
another  place  ;  and  then  the  theoretical  velocity  will  be  t»3  if  we 
neglect  the  weight  of  the  shaft.  If  both  Tx  and  T2  are  mounted, 
experiment  will  give  as  actual  critical  velocity, 
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*>1  ^2  *>3 /OX 

co0  =   —  ( ....       y^) 

Vfi>22  o)32  -f  ft)3'2  co^  4-  ©i2  fti22 

or,  according  to  Dunkerley,  the  actual  deviation  from  these  figures 
is  not  larger  than  a  few  per  cent. 

These  formulae  also  hold  good  for  the  case  in  which  the  discs 
TY  and  T2  are  mounted  between  different  bearings  on  a  continuous 
shaft.  Formula  2  is  also  derived  when  a>0  in  equation  1  is  com- 
bined with  o)3  according  to  Formula  1.  From  these  remarks  it  can 
be  seen  that  the  resulting  e»0  is  smaller  than  any  one  of  its  compo- 
nents, G)ly  G)2,  G)a 

52.  EXPERIMENTS  ON  THE  CRITICAL  VELOCITY  OF 
UNLOADED  AND  LOADED  SHAFTS. 

Dunkerley  has  made  the  most  extensive  series  of  experiments, 
using  a  shaft  6.3  mm.  (0.25  in.)  diameter,  950  mm.  (37.4  in.) 
long.  The  shaft,  according  to  circumstances,  was  carried  in  2,  3, 
or  4  bearings,  and  loaded  with  discs  of  76  mm.  (3  in.)  and  89 
mm.  (3.5  in.)  diameter  and  of  about  55  g.  (0.125  lb.)  and  125  g. 
(0.271  lb.)  weight,  respectively.  The  agreement  with  theory  in 
the  simplest  cases  was  nearly  complete.  The  empirical  formulae 
gave,  as  was  observed  above,  results  to  within  a  few  per  cent. 

FbppVs  formula  was  experimentally  proved  at  the  same  time 
by  Klein,*  and  also  showed  itself  in  complete  harmony. 

Without  knowing  anything  of  Dunkerley  s  work,  the  author 
also  conducted  experiments  with  unloaded  and  steady-loaded  shafts, 
which,  while  undertaken  with  primitive  apparatus,  are  still  worthy 
of  presentation,  because  they  were  conducted  at  a  higher  number 
of  revolutions  than  those  of  Dunkerley,  and  because  the  critical 
number  of  revolutions  observed  were  of  higher  order,  and  were 
omitted  by  Dunkerley.  Shafts,  8.5  mm.  (0.335  in.)  and  3.5  mm. 
(0.138  in.)  diameter,  of  calibrated  round  steel  were  coupled  di- 
rect to  the  rotating  wheel  shaft  of  a  Laval  turbine  in  the  me- 
chanical laboratory  of  the  Polytechnikum  at  Zurich,  in  which  it 
was  possible  to  obtain  25  000  revolutions  per  minute.  By  means 
of  a  brake  on  the  gear  wheel  shaft  the  velocity  was  easily  regu- 
lated.     The    bearings  were    b^    mm.    (2.2  in.)   long,  giving   the 

*  Z.  1805,  p.  1192. 
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conditions  of  a  "fixed"  shaft.  The  foundation  consisted  of  a 
wooden  post  mounted  on  a  wooden  block.  To  prevent  fracture  of 
the  shaft,  its  greatest  vibration  was  limited  to  about  10  mm. 
(0.394  in.)  radius  by  rings  about  the  shaft.  The  very  first  ex- 
periment proved  the  existence  of  higher  critical  velocities.  The 
shaft,  vibrating  originally  at  about  1  mm.  (0.04  in.),  showed  with 
an  increase  of  velocity,  an  unstable  running ;  at  about  the  critical 
value  it  bent  and  began  to  rub  hard  against  the  rings.  Hardly 
had  the  critical  value  been  reached,  before  the  shaft  straightened 
out,  and  no  initial  vibrations  could  be  observed.  If  the  velocity 
is  increased,  a  second  critical  number  of  revolutions  is  reached 
with  the  occurrence  of  similar  phenomena,  with  one  node  at  the 
center  between  bearings  ;  and  beyond  that,  at  a  third  critical  num- 
ber of  revolutions,  with  two  nodes,  etc. 

These  calibrated  steel  shafts  were  so  well  made  and  so  homo- 
geneous, that  the  vibrations  at  the  second  and  the  higher  critical 
numbers  of  revolutions  were  less  than  10  mm.  (0.4  in.  radius). 
The  eccentricity  e  in  our  formulae  must  hence  be  assumed  very 
small. 

In  the  following  table  the  "critical"  numbers  of  revolutions  are 
given,  at  which  the  pressure  against  the  rings  or  the  vibrations  of 
the  entire  apparatus,  appeared  to  be  the  maximum. 

1.  Unloaded  Shaft,  8  mm.  (0.315  in.)  diameter,  /=640  mm. 
(25.2  in.)  fixed  at  one  end. 

Critical  Number  of  Revolutions  per  min. 

Theoretically,  about  ....  850  5  400  15  000  29  500 
Critical  Number  of  Revolutions  per 

min.     Observed,  about  ...     800  5  000  14  000     23  000 

Ratio,  Theoretical 1  :     6.3  :     17.6  :     43.6 

Ratio,  Observed 1  :     6.2  :     17.4  :     29. 

2.  Ufttoaded  Shaft,  8  mm.  (0.315  in.)  diameter,  /  =  450  mm. 
(17.72  in.)  fixed  at  one  end. 

Critical  Number  of  Revolutions  per 

min.     Theoretical 1  730     11  000 

Critical  Number  of  Revolutions  per 

min.     Observed 1  600     10  300 

Ratio,  Theoretical 1     :     6.3 

Ratio,  Observed 1     :    6.4 
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3.  Unloaded  Shaft,  8  mm.  (0.316  in.)  diameter,  2  /=860  mm. 
(33.86  in.),  fixed  at  both  ends. 

Critical  Number  of  Revolutions  per 

min.  Theoretical  ....  2  980  8  300  16  200 
Critical  Number  of  Revolutions  per 

min.      Observed 2  700         4  800         12  000 

Ratio,  Theoretical 1  :       2.8  :         5.4 

Ratio,  Observed 1  :       1.8  :         4.4 

4.  Unloaded  Shaft,  3.5  mm.  (0.138  in.)  diameter,  2/  =  5^Q 
mm.  (21.11  in.),  fixed  at  both  ends. 

Critical  Number  of  Revolutions 

per  min.     Theoretical  3  690  9  400  18  400 

Critical  Number  of  Revolutions 

per  min.     Observed  .     .       3  200  (5  200)  8  200  (9  500)  17  000 

(unstable)  (unstable) 

Ratio,  Theoretical       ...  1  :         2.8         :  5.4 

Ratio,  Observed     ....  1    :    (1.6)  :  2.55  :  (2.95)    :    5.3 

This  thin  shaft  shows  slight  vibrations  (" unstable")  also  at 
those  theoretical  numbers  of  revolutions  when  the  shaft  ought  to 
steady,  which,  from  experiments  made  later,  pointed  to  an  apparent 
unsteadiness  of  driving. 

5.  Shaft  of  8  mm.  (0.315  in.)  diameter,  loaded  with  20  wrought 
iron  discs,  each  180  mm.  (7.09  in.)  diameter,  2  mm.  (0.079  in.) 
thick;  total  weight  8.93  kg.  (19.65  lb.),  2/=860  mm.  (33.86  in.), 
fixed  at  both  ends. 

Critical  Number  of  Revolutions  per 

min.     Theoretical  ....      5  80     1  620     3  160     5  250 
Critical  Number  of  Revolutions  per 

min.     Observed       ....      500  1  300     2  800  7  000  (?) 

Ratio,  Theoretical 1  :     2.8  :     5.4  :      9 

Ratio,  Observed 1  :     2.6  :    5.6  :     16  (?) 

In  looking  over  these  figures,  the  observed  critical  velocities  are 
throughout  smaller  than  the  theoretical,  while  the  ratio  of  the 
numbers  of  revolutions  of  the  different  orders  corresponds  well  with 
the  theoretical  values.  The  reason  of  the  first  deviation  may  be  in 
the  sympathetic  vibrations  of  the  very  light  and  incomplete  founda- 
tion used  in  my  experiments.     As  a  matter  of  fact,  the  deviation  is 
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greatest  with  heaviest  shaft  (5).  The  full  explanation  of  this  dif- 
ference must  be  left  to  future  experiments.  One  thing  may  be 
said,  based  on  the  observations  already  made,  that  the  running  of 
the  shaft,  especially  for  the  model  (5)  representing  a  many-stage 
turbine,  is  smoother  after  passing  the  critical  number  of  revolu- 
tions than  before. 


53.     BEARINGS  FOR  STEAM  TURBINES. 

In  the  construction  of  bearings  for  steam  turbines,  we  must  take 
into  account  first  the  extremely  high  surface  or  sliding  velocity, 
and  second  the  never  completely  vibrationless  motion  of  the  shaft. 
A  result  of  the  high  velocity  is  the  exceptionally  large  work  of  fric- 
tion, which  is  transformed  into  heat  and  increases  the  temperature 
of  both  bearing  and  shaft  until  the  decrease  of  heat  by  conduction 
and  radiation  has  become  equal  to  this  increase.  Let  the  specific 
surface  pressure  equal/  lb.  per  sq.  in.  (kg.  per  sq.  cm.)  taken  as 
the  quotient  of  load  on  the  journal  divided  by  the  projection  of  the 
bearing  surface,  the  surface  velocity  equal  w  ft.  per  sec.  (meters 
per  sec.)  the  coefficient  of  friction  =  \i,  that  is  the  quotient  of  the 
total  force  of  friction  reduced  to  the  shaft  circumference  divided  by 
the  load  on  the  bearing.     The  total  heat  produced  per  second  is 

Q  =  Aid  ppw (1) 

in  which  d  is  the  diameter  and  /the  length  of  the  shaft -bearing  in 
inches  (centimeters).  That  Q  cannot  be  decreased  by  decreasing 
p  was  already  made  known  by  the  experiments  of  Tozver,  who  pro- 
posed the  approximate  law 

pin  =  constant (2) 

which  means  that  by  decreasing  the  surface  pressure,  the  coefficient 
of  friction  is  increased  in  equal  degree,  and  the  total  work  of  fric- 
tion remains  unchanged.  The  classical  work  of  Lasche  *  and  Stri- 
beck  f  first  gave  the  further  relationship  between  friction-ratios  and 


*  Zeitschr.  1901,  p.  1881. 
t  Zeitschr.  1901,  p.  1:540. 
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pressure,  velocity  and  temperature.  The  experiments  of  the  former 
include  especially  the  higher  velocities  that  are  used  in  turbine 
construction,  and  lead  to  the  very  simple  law 

fipt  =  constant  =  2 (3) 

when  the  limits  of  p  are  from  1  to  15  kilograms  per  square  centi- 
meter (14.2  to  213.37  pounds  per  square  inch)  which  gives  for 
the  temperature  t  of  the  rubbing  surfaces  from  30°  to  100°  C.  (86° 
to  212°  F.).     The  velocities  exert  only  a  very  small  influence  on 
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the  value  of  the  constants,  so  long  as  they  keep  within  the  limits 
5  to  20  meters  per  second  (15.4  to  65.6  feet  per  second). 

With  very  small  velocities,  /x,  according  to  the  experiments  of 
Stribeck  for  Seller's  bearings,  approaches  the  value  0.14 ;  that  is, 
it  is  nearly  identical  with  the  coefficient  for  pure  metallic  friction, 
as  the  film  of  oil  between  journal  and  bearing  has  a  negligibly 
small  thickness.  As  the  speed  increases,  more  oil  is  carried 
around  by  adhesion,  and  /jl  decreases,  and  indeed  when  p  =  1  kilo- 
gram per  square  centimeter  (14.22  pounds  per  square  inch)  with 
w  =  0.1  meter  (0.328  ft.),  or  when/  =  25  kilograms  per  square 
centimeter  (355.5  pounds  per  square  inch)  with  w  =  1  meter 
(3.28  feet),  fi  is  less  than  0.005.  Furthermore,  the  thickness  of 
the  oil  film  seems  to  increase  but  slowly,  so  that,  according  to 
Newton's  law  with  increasing  velocity,  jjl  is  also  increased.  Be- 
yond 5  meters  (16.4  feet)  the  influence  of  w  is,  as  has  been  said, 
negligible. 
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Especially  important  are  the  experiments  of  Lasche  on  the  rate 
of  heat-radiation  from  bearings.  The  bearings  shown  in  Figs. 
120-123  were  investigated  with  a  rotating  shaft,  and  the  total 
radiation  of  heat  was  determined ;  that  is,  for  bearing-bodies  and 
shaft. 

If  At  is  the  temperature-difference  between  journal  and  outer 
air,  Lasche  expressed  the  decrease  of  heat  in  work  units  in  foot- 
pounds (kilogram  meters)  per  hour,  as 

R  =  k(-rrdl)At (4) 

in  which  /  and  d  are  in  inches  (centimeters).     The  coefficient  k  in- 
creased very  little  with  the  temperature  ;  somewhat,  for  bearings 
120-122,  according  to  the  formula, 
In  English  units, 

#  =  42 +  0.2  A/ (5) 

In  French  units, 

k  =  1.62  V  0.0144  At. 

Still,  for  practical  purposes,  a  law  with  constant  k  will  suffice; 
that  is, 

In  English  units, 


(6) 


k  =    51.9  to  64.8  for  bearings  120  to  122  1 
k  =  129.6  to  155.6  for  bearings  123.  J 

In  French  units, 

k  =  2  to  2.5  for  bearings  120  to  122 

k  =  5  to  6  for  bearings  123. 

In  the  latter  case  it  appeared  that  the  relatively  large  external 
surface,  in  combination  with  the  good  conductivity  of  the  bearing 
boxes,  seemed  to  increase  the  radiation  of  heat.  These  values 
hold  good  for  air  at  rest,  and  are  no  doubt  greatly  increased  by 
ventilation. 
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Formula  4  makes  possible  the  calculation  of  the  temperature 
of  a  bearing  under  working  conditions.  The  generation  of  heat  in 
foot-pounds  (kilograms-meters)  is,  according  to  Formula  1, 

R'  =  Idfipw (7) 

and  must  be  equal  to  the  value  of  R  in  Formula  4.     If  /  is  the 
temperature  of  the  bearings,  and  t0  that  of  the  air,  then, 

Idfipw  =  kirdl{t  —  /0) (8) 

and  including  equation  3, 


fip  = 

K 

t 

kt 

(i 

-h) 

Kw 

IT 

so  that 

W  nti 

(9) 

7T 

which  serves  for  the  calculation  of  t. 

Lasche  determined  that  with  temperatures  exceeding  125°  C. 
(257°  F.),  the  lubricating  properties  of  the  oil  suddenly  decrease. 
If,  therefore,  Formula  9  shows  the  likelihood  of  high  temperature, 
the  bearing,  or  better  still  the  oil,  should  be  cooled.  In  the  latter 
case,  we  can,  at  3  000  revolutions,  utilize  the  ordinary  ring-oiling 
box.  Frequently  an  oil  pump  is  used,  and  the  oil  is  cooled  in 
special  tanks  fitted  with  cooling-tubes.  From  the  formulae  of 
Lasche  is  easily  determined  how  many  degrees  the  oil  must  be 
cooled,  assuming  a  certain  quantity. 

The  bearing  in  Fig.  123  is  designed  to  dampen  the  vibrations 
of  the  shaft  and  to  keep  them  from  affecting  the  foundation.  To 
accomplish  this,  according  to  Parsons,  the  box  has  four  concentric 
bearings,  each  having  a  small  clearance.  The  oil  is  carried  in 
grooves  also  to  the  intermediate  bearings,  its  viscosity  opposes  the 
forcing  out  of  the  oil  when  vibration  occurs,  and  this  yielding  re- 
sistance acts  as  a  cushion. 

The  clearance  is  also  important  for  the  total  work  of  friction. 
A  shaft  entirely  enclosed,  with  pressure  lubrication,  even  when  not 
carrying  an  outside  load,  will  experience  considerable  friction  on 
account  of  the  oil  pressure,  and  run  hot. 
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Recently,  the  mass-balance  of  rotating  parts  has  been  made  so 
complete  that  this  type  of  bearing  is  not  being  much  used.  Even 
in  very  large  machines  it  seems  that  good  results  have  been 
reached  with  the  ordinary  bearings,  oil-cooling,  and  pressure- 
lubrication. 

54.    STUFFING   BOXES. 

The  stuffing  boxes  are  the  most  important  and  delicate  part  of 
the  steam  turbine.  As  they  are  subjected  to  high  temperature  on 
account  of  their  proximity  to  the  steam  space,  the  problem  of  get- 
ting rid  of  their  own  heat  of  friction  becomes  all  the  more  difficult. 
The  advantage  of  the  stuffing  box  used  on  reciprocating  engines, 
where  the  rod  for  part  of  the  time  is  exposed  to  the  air,  and  cools 
at  least  its  surface  by  radiation,  cannot  be  considered  with  the 
rotating  shaft.  Water-cooling  may  be  an  effective  means,  but 
creates  considerable  loss  by  condensation  in  the  surrounding  steam 
spaces. 

The  majority  of  designers  get  around  this  difficulty  by  avoid- 
ing contact  between  packing  and  shaft,  and  secure  tightness  only 
by  the  least  possible  clearance.     This  is  the  principle  of  the  so- 
called    "  labyrinth  stuffing    box  "    that 
was  first    generally    used   by  Parsons. 
This  is  shown   in    Fig.  124,  in  which 
A    is    the  shaft,  B   the    stuffing   box. 
The   rings  on    both   parts    form   alter- 
nately a  narrow  space  x,  and  a  large 
c     y  space  y.     The  velocity  of   the   steam 

flowing  through  this  narrow  space  is 
destroyed  by  eddy-currents  in  the  large  space,  so  that  for  further 
velocity,  a  part  of  the  drop  in  pressure  is  utilized.  With  a  large 
number  of  rings,  and  with  very  small  spaces  x,  the  loss  is  greatly 
decreased.  It  also  seems  to  have  a  favorable  influence  when  the 
steam  in  leaving  this  narrow  space  flows  radially  inwards,  that  is, 
it  helps  to  overcome  its  centrifugal  force. 

Fig.  125  shows  the  stuffing  box  of  a  Schidz  turbine.  No  pro- 
vision is  here  made  for  enlarged  spaces,  but  the  necessary  thrott- 
ling is  accomplished  by  the  great  length  of  the  labyrinth  path. 
The  designer  hoped  to  limit  his  clearance  to  1  mm.   (0.039  in.). 
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The  outer  box  is  made  in  two  parts.  Fig.  126  shows  a  stuffing 
box  by  the  same  designer,  built  of  rings,  in  which  the  inner  rings 
are  loose,  but  are  made  with  a  neat  fit. 

Rateau  made  use  of  the  construction  shown  in  Fig.  127,  the 
main  part  consisting  of  a  shaft  a  enclosed  by  a  close-fitting  box 
b,  of  suitable  metal.  The  steam  leaking  through  this  space  flows 
into  the  chamber  c}  where  a  constant  pressure  of  about  0.8 
atmosphere  (11.8  pounds  per  square  inch)  absolute  is  maintained  by 
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Dimensions  here  given  are  in  mm. 


Fig.  125. 


Fig.  126. 

a  reducing  valve ;  from  the  valve  the  steam  is  led  to  a  condenser. 
The  chamber  c  is  kept  steam-tight  from  the  outside  by  two  bronze 
rings,  d,  dy  each  made  in  three  parts,  which  are  held  against  the 
shaft  with  slight  pressure  by  spiral  springs  e.  A  pressure  in  the 
axial  direction  is  brought  about  by  springs  /.  The  chambers  of  all 
the  stuffing  boxes  of  a  turbine  are  connected  with  one  another  ;  a 
part  of  the  steam  that  leaves  the  high  pressure  side  can  thus  be 
drawn  into  the  low  pressure  side.  When  running  light,  vacuum 
existing  in  all  stuffing  boxes,  the  reducing  valve  will  allow  live 
steam  to  enter,  thus  allowing  little  or  no  air  to  be  drawn  in. 
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The  Laval   Company  uses  a  two-part  white   metal   lined  box, 
with  spherical  seat    and    spring  pressure    in    the   axial    direction. 


The  actual  steam-tightness  is  due  to  an  oil-film  which  is  drawn  into 
the  vacuum  space  without  making  any  considerable  consumption 
of  oil. 


Fig.  128. 

If  it  is  only  desired  to  make  a  vacuum  tight  fitting,  then  a  laby- 
rinth stuffing  box  may  be  used,  with  considerable  clearance  space. 
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Steam  is  led  in  Figs.  125  and  126  through  the  ring  passages,  and 
excludes  thereby  the  air,  so  that  the  vacuum  does  not  suffer. 

The  construction  of  a  turbine  stuffing  box  as  steam  tight  as 
that  of  the  steam  engine  is  still  an  unsolved  problem.  For  this 
reason  we  might  add  the  excellent  stuffing  box  of  Sc/nvabe,  that  is 
used  in  steam-engine  work,  shown  in  Fig.  128.  This  consists  of  a 
large  number  of  rings  D  made  in  three  parts,  held  together  by  a 
circumferential  spiral  spring.  These  rings  (for  the  steam  engine) 
press  on  one  another,  and  should  either  not  touch  the  shaft  at  all, 
or  with  only  the  slightest  pressure.  With  turbines,  the  soft  pack- 
ing at  the  outer  end  will  of  course  be  omitted,  and  the  rings  must 
be  prevented  from  turning,  and  so  constructed  as  to  be  tight  against 
either  pressure  or  vacuum  ;  the  inside  and  outside  ends  of  the  box 
are  provided  with  means  for  oiling. 

The  steam  tightness  of  the  intermediate  stages  of  a  few 
stage  turbine  is  secured  by  much  simpler  means,  on  account  of  the 
small  successive  differences  of  pressure.  In  Fig.  132,  for  instance, 
is  shown  the  packing  of  the  Schulz  turbine,  which,  as  may  be  seen, 
consists  of  a  short  labyrinth  of  tooth-like  profile,  and  of  a  loose 


55.    THE   REGULATION   OF   THE   STEAM    TURBINE. 

The  regulation  in  the  majority  of  different  systems  is  accom- 
plished by  simple  throttling,  thus  decreasing,  at  the  very  beginning, 
the  available  work  of  the  steam,  and  consequently  the  economy  of 
the  turbine.  The  loss  is  measured  by  the  product  of  the  increase 
of  entropy  and  the  absolute  temperature  of  the  exhaust  steam, 
which  can  easily  be  determined  from  the  entropy  tables. 

The  ideal  conditions  would  be  to  constantly  work  with  a  full 
initial  pressure  and  to  make  all  cross-sections  of  steam  passages 
suitable  to  the  power  required.  Constructively,  this  idea  is  most 
easily  applicable  to  the  single  stage  impulse  turbine,  in  which  the 
nozzles  are  opened  or  closed  one  after  another  by  means  of  a  regu- 
lator. Tli.  Renter,  according  to  the  German  patent,  No.  144  102, 
made  use  of  such  a  regulator  governing  a  valve  gear  (see  Fig.  129), 
which  allowed  live  steam  to  be  admitted  to  the  piston  e,  c,  which 
is  connected  with  the  valve  closing  spindle  that  governs  the  indi- 
vidual nozzles.      If  the  valve  connects  the  space  below  the  piston 
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with  the  atmosphere,  the  spindle  is  pressed  downwards  by  means 
of  the  spring  g.  With  the  very  small  forces  that  are  here  exerted, 
it  is  sufficient  to  use  small  gauge  tubing  for  steam  flow,  and  the 
valve  is  so  small  that  the  regulator  can  be  attached  directly 
thereto. 


Fig.  130. 


Another  solution  has  been  attempted  by  Stumpf,  in  the  Swiss 
patent  No.  25  438,  class  93,  as  shown  in  Fig.  130.  The  nozzles 
are  divided  into  groups  I.,  II.,  III.,  .  .  .  and  receive  live  steam 
through  the  valves  Vlv,  Vul.,  .  .  .  The  steam 
admitted  at  reduced  pressure  by  the  throt- 
tling valve  D  tends,  with  the  assistance  of 
the  spring,  to  hold  down  the  valves  VIV, 
VIlv,  .  .  .  against  the  pressure  of  the  live 
steam.  In  starting  up,  space  A  has  atmo- 
spheric pressure,  and  the  admitted  steam 
can  lift  all  valves.  When  the  turbine  is  un 
loaded,  the  regulator  allows  steam  to  go 
into  the  space  A,  which,  in  combination 
with  the  valve  springs,  each  exerting  a  dif- 
ferent pressure,  closes  the  valves  one  after 
another.  Finally,  only  the  nozzle  in  segment  I.  remains  open, 
which  is  always  connected  with  space  A,  and  is  large  enough  to 
drive  the  turbine  unloaded.  Fig.  131  shows  the  same  with  a  pis- 
ton  valve  as  stop  valve. 


Fig.  131. 
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In  a  few  stage  turbine,  each  guide  apparatus  must  be  influ- 
enced according  to  a  certain  law.  A  suggestion  of  this  type 
originates  with  Schulz  (German  patent  No.  132  868),  and  is  shown 
in  Fig.  132  for  impulse  turbines.  The  arrangement  of  valves  may- 
be seen  from  Fig.  133.  It  consists  of  a  series  of  bridges  having 
the  same  depth  as  the  width  of  the  channels,  and  so  spaced  that 


•|ftr«4    h***!^*!    '&&,    }&$    -ft*!-*    kft*     k^t-ir^i-J    | 


by  shifting  from  position  A  the  distance  of  one  channel  width  to 
the  right,  one  guide  channel  is  closed.  Finally,  of  six  channels 
but  one  remains  open,  which  means  a  regulation  between  wide 
limits.  The  disadvantage  that  the  guide  channels  at  their  decreased 
width  are  too  long  may  be  easily  taken  care  of  in  the  design. 

Rateau  was  content  to  regulate  the  power  of  his  turbines  (Ger- 
man patent  No.  143  618)  over  a  considerable  interval  by  throttling, 
and  it  was  accomplished,  as  is  shown  in  Fig.  134,  by  a  ground  piston 
valve,  n.  Not  before  the  regulator  approached  its  upper  limit  was 
the  regulating  piston  d  affected,  whereby  live  steam  entered  the  cyl- 
inder /,  and  closed  the  valve  e.  It  was  not  stated  on  what  the 
relationship  between  the  position  of  the  regulator  and  that  of  the 
piston  of  cylinder  t  depended.  With  overload,  that  is  the  lowest 
position  of  the  regulator,  the  regulating  piston  c  admits  steam  to  w, 
which  moves  the  "  overload  valve  "  zr,  admitting  live  steam  to  the 
low-pressure  end  of  the  turbine.  By  this  arrangement  it  is  possible 
to  work  the  turbine  at  its  normal  load  with  the  highest  economy  ; 
that  is  with  full  pressure  of  admission  ;  while  occasional  overload 
may  be  easily  taken  care  of  by  using  the  overload  valve  at  a  sacri- 
fice of  economy.  The  steam  consumption  per  unit  of  power  is 
similar  to  that  of  a  steam-engine,  which  also  works  uneconomically 
when  overloaded. 

Brown,  B overt  &  Cie.  of  Baden  patented  an  idea  (Swiss  patent 
No.  25  439)  in  which  with  overload,  live  steam  is  not  only  admitted 
to  one,  but  by  degrees  to  several  successive  steps  of  the  turbine. 
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In  Fig.  135  the  regulator  moves  a  piston  valve  K,  that  not  only 
governs  the  normal  throttling,  but  can  also  open  the  overload  chan- 


nels a,  b,  c.  In  Fig.  136  the  overload  valve  iTis  moved  by  the  pres- 
sure that  exists  in  back  of  the  ordinary  throttle  valve  D,  which  com- 
presses more  or  less  the  spring  F.     S  is  a  solenoid  with  an  iron  core, 
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so  as  to  allow  of  electric  regulation.  According  to  this  arrange- 
ment, full  admission  pressure  at  the  first  guide-wheel  remains 
inseparable  from 
the  secondary 
steam  admission ; 
with  low  powers 
simple  throttling 
is  used. 

In  all  cases  the 
regulation  of  the 
steam  turbine  is 
very  effective,  even 
with  the  many 
stage  design,  in 
which  it  might  be 
feared  that  the 
relatively       large 

steam  volume  in  the  turbine  itself  at  sudden  unloading,  in  spite 
of  the  temporary  closing  of  the  inflowing  steam,  might  give  up 
too  much  work  to  the  rotating  wheels  from  its  own  energy. 

That  this  is  not  true  is  shown  by  the  following  short  calcu- 
lation  ;  we  will 
prove  later  that 
the  steam  weight 
flowing  through 
the  turbine  in  one 
second  is  approxi- 
mately propor- 
tional to  the  initial 
pressure.  Imagine 
at  the  time  t=t0,  the 
turbine  unloaded,  fc 
and  the  regulating 
valve  suddenly 
closed  ;  and  let  us 
follow  the  decrease 

of  pressure.  Let  the  weight  of  the  steam  contents  between  valve 
and  first  guide  wheel  at  the  start  be  Z>0,  at  a  latter  time  D  pounds 
(kg.).     During  the  elementary  time  dt  a  part  flows  away,  and  is 


Fig.  136. 
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—  dD  =  a  p  dt . 

The  existing  contents  can  be  expressed  by  assuming  the  approxi- 
mate law 

pv  =  K, 
then 

n      v      v  * 

where  V  is  the  volume  of  the  space  referred  to.  This  .value  in- 
serted above  gives 

Vdp 
or,  integrating, 

-?l0g72=a^-W     •    -    -    •    •     (1) 

A  px 

Here  is 

h  —  t0  =  t, 

the  time  required  for  exhausting  from  pressure  px  to  p2 ;  that  is,  to 
the  pressure  of  running  without  load.  Inserting  the  steam  weight 
per  second  at  full  load  G  =  a  pY ,  we  get 


Do  ,_  IP 


g^w  ^ 


The  increase  of  velocity  is  gotten  from  the  energy  contained  in 
the  weight  of  steam  D^-{-  D  in  the  chamber  and  in  the  turbine, 
which  is  carried  over  to  the  turbine  masses  at  about  the  same 
efficiency.     The  work  thus  obtained  may  be  expressed  as 


(p,  +  ^L,rlm  (3) 


in  which  Z0  is  the  theoretical  power  of  1  pound  (or  kg.)  of 
steam,  and  rjtn  a  mean  value,  and  Dt  is  halved  because  the  mean 
condition  of  the  steam  in  the  turbine  corresponds  to  about  one-half 
of  the  work  Z0.     If  ©  is  the  mass  moment  of  inertia  of  the  rotating 
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parts,   co    the  angular    velocity,  then  L  is    the  change    of  kinetic 
energy,  £  %  co2,  or  approximately, 

L=®co8co  =  eco2- '        (4) 


and  the  relative  change  of  velocity  is 

8  CO  L  ,rx 

~^  =  W^o2 U 

.) 

For  instance,  with  a  turbine  of  1  000  kw.  power,  D0  at  10 
atmospheres  (147  pounds  per  square  inch)  initial  pressure,  is  about 
0.6  kg.  (13.2  pounds),  (with  the  narrowest  valve  opening).  Dt  is 
about  0.75  kg.  (1.65  pounds)  and  AL{)  about  150  calories  (592.5 
B.  t.  u.),  in  which  with  rjm  =  0.5  and  co  =  157  ;  that  is,  rf  =  1  500 
revolutions  per  minute,  with  ©  =  50  (moderately  estimated), 

—   =0.027;  i.e.,  2.7%  results. 

CO 

> 

The  time  taken  for  exhaust  is,  with  /»2  =  0.6  atmosphere  (8.8 
pounds  per  square  inch),  as  pressure  at  no  load, 

t  =  0.68  sec. 

By  partial  unloading  we  have  naturally  to  expect  much  smaller 
changes.  These  excellent  results  were  completely  affirmed,  e.g., 
with  the  Parsons'  turbine,  through  all  experiments  up  to  the 
present. 


IV. 

STEAM   TURBINE   TYPES 


Any  one  of  the  well  known  types  of  water  turbines,  as  is 
evident,  can  be  utilized  as  steam  turbines.  However,  but  slight 
advantage  is  derived  from  this  possibility,  as  the  trend  in  modern 
water-turbine  construction  is  to  utilize  the  existing  small  differences 
of  head,  and  keep  the  number  of  revolutions  as  high  as  possible. 
The  main  problem  which  each  steam-turbine  type  must  solve  is,  on 
the  contrary,  to  decrease  the  revolutions  per  minute  to  a  practical 
value,  taking  into  account  the  necessary  constructive  limitations 
and  the  economy  of  operation. 

Just  what  speed  is  practicable  must,  on  account  of  the  present 
relations  between  the  mechanical  and  electrical  sciences,  be  chiefly 
determined  by  dynamo  design,  and  especially  by  the  demands  of 
the  alternating  current  machine.  In  Europe,  the  very  general 
cycle  of  50  alternations  per  second  gives  a  choice  between  3  000 
and  1  500  r.p.m.  for  the  two  and  four  pole  machines,  respectively, 
(with  the  so  called  induction  type,  the  latter  only  can  be  considered 
because  of  the  omission  of  half  the  poles).  The  majority  of  dynamo 
designers  are  of  the  opinion  that  units  of  about  1  000  kw.  should 
not  exceed  1  500  r.p.m.  The  lengths  of  the  drums,  the  difficulty 
of  mass  balancing,  the  possibility  of  increasing  the  shaft's  vibrations 
by  means  of  the  unsymmetric  magnetic  field,  and  the  high  velocity  of 
the  heavily  loaded  dynamo  bearings  make  the  construction  of  high 
speed  machines  seem  a  very  difficult  problem,  for  whose  solution 
no  results  of  any  known  experiments  are  at  hand. 

The  ideal  of  simplicity  would,  no  doubt,  be  a  turbine  that 
would  change  the  total  available  drop  or  fall  into  mechanical  work 
in  a  single  wheel  at  one  operation  ;  that  is,  a  single-stage  impulse 
turbine.     A  solution  of  this  direct  change  of  energy  for  the  smaller 
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of  the  practicable  number  of  revolutions,  that  is,  at  1  500  alterna- 
tions per  minute,  shows  instantly  its  impossibility,  from  the  turbine 
builder's  standpoint.  To  secure  the  correct  hydraulic  efficiency, 
we  must  with  the  available  steam  velocity  at  1  200  meters  (3  937 
feet)  or  more,  make  the  peripheral  velocity  of  the  turbine  at  least 
one-third  as  much,  or  400  meters  (1  312.3  feet).  But  this  demands 
a  wheel  diameter  of  about  5  meters  (16.4  feet),  which  would 
scarcely  be  attempted  by  the  designer.  Furthermore,  such  a 
wheel,  according  to  our  formulae,  would  require  a  very  large 
amount  of  work  for  running  empty.  There  remain,  therefore,  if 
we  insist  on  a  single  zvheel,  only  the  following  methods  : 

a.  Reduction  of  speed  by  use  of  gearing,  as  de  Laval  successfully 

used  with  powers  up  to  300  h.  p.  For  larger  powers  this 
method  is  unavailable. 

b.  Increasing  the  speed  to  3  000  r.  p.  m.     At  400  meters  (1  312.3 

feet)  peripheral  speed  there  is  still  a  diameter  of  about  2.5 
meters  (8.2  feet),  and  this  would  make  the  small-powered 
turbine  too  expensive;  with  large  powers,  such  high 
speeds  would  hardly  be  decided,  although  the  construction 
of  the  corresponding  disc  wheels  would,  according  to  our 
formula,  offer  no  difficulty. 

c.  The  application  of  velocity  stages,  as  was  probably  first  sug- 

gested by  Farcot  in  his  patents.  The  modern  form  of 
velocity  stages  is  found  practically  applied  at  moderate 
speeds  and  in  many  ways  m  the  turbines  of  Curtis  and 
R  iedler-  Stumpf. 

The  most  practical  means  of  keeping  down  the  speed  is  the 
application  of  few-stage  expansion,  of  which,  as  is  known,  Parsons 
was  the  successful  originator.  His  turbines  work  on  the  re- 
action principle,  with  50  to  70  or  more  stages.  In  juxtaposition 
thereto,  we  have  the  impulse-turbine  of  Ratean,  with  15  to  25 
stages,  and  partial  peripheral  admission.  On  this  idea  the  ma- 
chines of  Zolly  and  Schulz  are  constructed,  while  the  Lindmark 
turbine  employs  a  new  principle,  the  partial  retransformation  of 
kinetic  into  potential  energy.  These  constructions,  found  partly 
in  practical  use  and  partly  in  experimental  forms,  will  be  dis- 
cussed later  in  detail,  regardless  of  their  historical  order,  first  the 
impulse  and  then  the  reaction  turbines.      Old  and  new  suggestions 
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that  have  not  been  developed  are  briefly  discussed  in  Articles  66 
and  67. 


56.   THE   DE  LAVAL   TURBINE. 

The  important  elements  of  this  turbine  have  already  been 
mentioned  in  the  discussion  of  the  nozzle,  the  wheel  discs,  and  the 
flexible  shaft. 

In  Fig.  137  a  wheel  is  shown  of  a  10  h.  p.  turbine  ;  in  Fig.  105, 
p.   168  that  of  a  200  h.  p.   turbine.      In  the  former  the    shaft   is 

reduced  before  leaving 
the  hub  in  order  to  gain 
flexibility  ;  in  the  latter 
is  broken  so  that  the 
discs  may  be  made  solid. 
The  blades  are  caulked 
but  lightly,  and  can  be 
replaced  without  injury 
to  the  wheel.  The  gen- 
eral arrangement  of  a 
300  h.  p.  turbine  (Figs. 
138  and  139)  shows  the 
loose  two-part  stuffing 
boxes,  and  with  this  con- 
struction, the  overhanging  ball-jointed  bearing  at  the  vacuum 
end.  The  nozzles  are  uniformly  distributed  in  a  circle,  with  an 
angle  of  slope  from  17°  to  20°.  Of  late  they  have  been  placed 
close  together  in  groups,  in  order  not  to  split  up  the  steam  jet. 
A  double  seated  throttling  valve  acts  as  a  regulating  device, 
actuated  by  a  spring  ball  governor  placed  on  the  shaft  and  con- 
nected with  the  valve  by  a  toothed  wheel  and  a  metallic  steam- 
tight  spindle  and  lever  arm.  In  the  newer  constructions  is  used, 
besides  the  above-mentioned  valve,  an  automatic  closing  device,  as 
shown  in  Fig.  141.  The  steam  pressure  on  the  ground-in  spindle 
keeps  the  spring  compressed  with  a  slight  excess  of  pressure  when 
the  load  is  greatest.  If  the  load  decreases,  the  regulator  starts  to 
throttle,  thus  allowing  the  force  of  the  spring  to  overcome  the 
steam  pressure  and    close  the  nozzle  opening.     In  this  way  the 


Fig.   137. 
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strong  uneconomical  throttling  of  the  steam  is  avoided  and  the  de- 
crease of  pressure  is  limited  to  about  1  atmosphere.     The  toothed 


wheels  are  made  as   double   screw   wheels,  with  extremely  small 
divisions,  thereby  obviating  the  axial  thrust  ;  reductions  of  1  :  10 
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to  1  :  13  were  used.     The  width  of  the  toothed  wheels  is  500  mm. 
(19.7  in.)  for  the    300  h.  p.  turbine,  as  can  be  seen  in  Fig.  139. 
Fig.  142  represents   a    200  h.  p.  turbine  constructed  by  the 
Humboldt  Machine  Works  of   Kalk,  near  Cologne.      The   detail, 
r-jr'tf*  Fig.   143,  shows  the    ball- 

jointed  bearing  of  the  free 
end  of  the  shaft,  in  which 
the  helical  oil  groove  can 
be  seen.  Fig.  144  shows 
the  detail  of  the  stuffing- 
box,  which  by  means  of  its 
ball-seated  support  allows 
the  shaft  to  be  out  of 
alignment,  and  also  gives 
radial. play.  As  the  stuffing 
box  is  made  in  two  parts, 
the  greatest  care  must  be 
taken  in  its  construction. 
In  general,  the  excellent 
workmanship  of  the  Laval 
turbine  cannot  be  too 
highly  praised. 

The  practical  results 
obtained  under  actual  run- 
ning conditions  are,  accord- 
ing to  all  reports,  entirely 
satisfactory.  The  wear  on 
the  blades,  with  steam 
flowing  through  at  a  veloc- 
ity upto800meters(2624.7 
feet)  seems  for  years  to 
have  had  no  great  influ- 
ence on  steam  consumption.  Sosnowski  in  Revue  de  Mecaniqiie, 
July,  1902,  gives  for  a  turbine  five  years  in  service,  with  a  vacuum 


Fig.  141 
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64  centimeters  (12.4  lb.  per  square  inch  absolute),  a  steam 
consumption  per  meter  h.  p.e  per  hour  10.07  kilograms  (22.45  lb. 
English  h.  p.  hour),  while  the  values  for  an  entirely  new  turbine 
installed  at  the  same  place  with  7  centimeters  (11  lb.  per  square 
inch  absolute)  better  vacuum  give  a  consumption  of  9.7  kilograms 
(21.56  lb.  per  h.  p.  effective).  The  cost  of  an  entire  change  of 
blades  is  said  to  be  slight. 


J°* 


Dimensions  are  given  in  mm. 

Fig.  143. 

Delaporte  gives  results  of  extended  experiments  on  the  steam 
consumption  {Revue  de  Mecanique,  1902,  p.  406).  The  nozzles 
in  the  200  h.  p.  turbine  under  investigation  were  placed  close 
together  in  two  groups,  differing  from  the  ordinary  arrangement, 
so  that  a  fairly  compact  steam  jet  resulted.  The  data  of  experi- 
ment No.  10  are  as  follows  : 

In  the  French  units  : 

p}    =  10.72  kg.  per  sq.  cm.  absolute; 

p2  =  0.166  kg.  per  sq.  cm.  absolute; 

Ne=  197.5  h.  p. 

Consumption  of  saturated  steam  =  6.9  kg.  per  h.  p.  hour. 
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In  English  units  : 

pY   =  152.2  lb.  per  sq.  in.  absolute  ; 

p2  =  2.36  lb.  per  sq.  in.  absolute; 

Ne=  194.7  h.  p. 

Consumption  of  saturated  steam  =  15.4  lb.  per  h.  p.  hour. 

The  harmful  resistances  were  : 

Wheel  friction    =  10.2  h.  p.  (10.06  h.  p.  English). 
Bearing  friction  =    2.5  h.  p.  (2.43  h.  p.  English). 
Gearing  friction  =    2.0  h.  p.  (1.97  h.  p.  English). 

A  further  loss,  which  is  caused  by  the  refilling  of  the  emptied  cells 
on  the  rotating  wheel  by  the  surrounding  steam,  Delaporte  estimates 
as  1.1  h.  p.  (1.08  h.  p.  English).  The  harmful  resistances,  ac- 
cording to  his  calculation,  were  15.8  h.  p.  (15.58  h.  p.  English), 
and  the  clear  or  indicated  steam  work  would  be  N{  =  197.5  4- 
15.8  =  213.3  h.  p.,  (or  194.7  +  15.58  =  210.28  h.  p.  English). 
Referred  to  1  h.  p.   of  indicated  steam  work,  the  consumption  in 

one  hour  would  be   6.9  '     =  6.39   kg.,  or    in   English  units, 

Zlo.o 
14.26  lb.     An  analysis    of  the  experiment,   which 


15.4 


194.7 
210.28 

was  also  performed  mathematically  by  Delaporte,  gave  the  follow 
ing  conditions  :  — 


Available  heat-energy 

Losses  in  the  nozzle,  according  to 
Delaporte 5.2% 

Effective  outflow  velocity         .     .       c\  = 

Peripheral  velocity,  according  to  De- 
laporte   u  = 


In   French 

Units,  per   Kilogram 

of  Steam. 


154.0  cal. 

8.0  cal. 

1  102  meters 

343  meters 


In  English 

Units,  per  Pound 

of  Steam. 


277.8  B.  t.  U. 

14.1  B.  t.u. 

3  6i4-5  ft- 

1  124  ft. 


The  construction  of  a  velocity  diagram  with  a  =  20°  gives 
w1  =  787  meters  (2  581.4  ft.),  and  with  the  assumed  trial  value 
w2  =  0.74  wx  =  582  meters  (1  909  ft.),  we  have  finally  e2  =  326 
meters  (1  069  ft.).  The  balance  of  the  turbine  is  as  follows, 
giving  the  losses  in  per  cent,  of  theoretical  available  energy : 
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French  Units, 

pek 

Kilogram  Steam. 

English    Units, 

Per 
Pound  Steam. 

Per 

Cent. 

Loss  in  the  Nozzle 
Loss  in  the  Blades 

Loss  at  Exit .     . 

8.0  cal. 

(ST-      — 

B.  t.  u. 

/2  581.4  \>     /i  909V  .^ 

V  223-7  /      V223.7/ 

(I069-3Y=                     22.85 

V  223.7  J 

5.2 
21.9 

8.3 
35.7 



With  154  calories  per  kg.  the  ideal  turbine  required 


632.4 
"154" 


4.10  kg.  of  steam  per  h.  p.  hour;  or,  in  English  units  with   277.8 

2  544  65 
B.  t.  u.,  the  ideal    turbine    requires    —       '       =  9.16  lb.  per  h.  p. 

2.  i  7.8 

hour.     Therefore  the  efficiency  of  the  indicated  steam  work  is  rj  = 

4.00       «_  .„     ,.  ,        ..  .  9.16 


0.642,  or  (English  units)  rj 


0.642.     The   loss, 


639  '   "    v~"°  '    '       14.26 

therefore,  is  35.8%,  corresponding  closely  to  the  above  assumptions. 
If  we  consider  the  assumed  small  loss  in  the  nozzle  as  given  by 
Delaporte  to  be  correct,  the  analysis  gives  an  exceedingly  high  value 
for  the  loss  in  the  blades,  namely  1  —  (0.74)2,  that  is  45%  of  the 
kinetic  energy  existing  at  the  entrance  to  the  wheel.  If,  on  the 
other  hand,  we  assume  the  nozzle  loss  as  10%,  w2  =  about  0.83  wx , 
therefore  the  loss  in  the  blades  would  be  about  30%  of  the  initial 
energy. 

These  losses  appear  to  be  still  more  unfavorable  from  the  ex- 
periments of  Jacobson  with  a  300  h.  p.  turbine  at  the  Potsch  Mill. 
(Zeitschr.,  1901,  p.  150).  For  an  overload  turbine  delivering  342.1 
h.  p.  (337.3  Eng.  h.  p.),  Jacobson  found  a  steam  consumption  of 
7.01  kg.  per  h.  p.e  hour  (15.63  lb.  per  Eng.  h.  p.  hour),  with 
px  =  11.28  kg.  per  sq.  cm.  (160.4  lb.  per  sq.  in.)  absolute,  and 
tx  =  192.3°  C.  (378.1°  F.)  at  the  valve;  with  p{  =  9.61  kg.  per 
sq.  cm.  (136.7  lb.  per  sq.  in.)  absolute,  at  the  nozzle,  the  tempera- 
ture is  */  =  189.8°  C.  (373.7°  F.)  the  expansion  to/2  =  0.101  kg. 
per  sq.  cm.  (1.436  lb.  per  sq.  in.)  absolute,  gives  an  available  heat 
energy  per  kg.  of  steam,  of  164.4  calories,  (or  in  English  units,  per  lb. 
of  steam  296.5  B.  t.  u.) ;  the  consumption  of  the  ideal  turbine  is 

632  4 

—— —  =  3.84  kg.  per  h.  p.  hour,  or  in  English  units  the  ideal  turbine 

164.4 
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2  544.65      otol,         .       . 
requires  =  8.58  lb.  per  h.  p.  hour.     If  we  estimate  the  power 

for  running  without  load  as  given  by  de  Laval  at  30  h.  p.  (29.58 
Eng.  h.p.),  then  the  indicated  steam  work  =  3  721  h.  p.  (366.88  Eng. 
h.  p.).  The  corresponding  consumption  per  h.  p.(  per  hour  = 
6.44  kg.   (14.37  lb.  per  Eng.  h.  p.,  per  hour),  having  an  efficiency 

V   =  -T— -r  =  59.6%,    or  in    English    units,   tj  =      '        =  59.6%, 
b.44  14.o7 

and  the  losses  are  therefore  about  40%.  In  order  to  account  for 
these  losses  it  would  require  an  assumption  of  much  greater  fric- 
tion in  the  nozzle,  as  Delaporte  found.  In  agreement  with  our  own 
experiments  we  set  the  losses  in  the  nozzle  at  about  15%,  and 
find  cx  =  1  078  meters  (3  536.7  ft.).  The  peripheral  velocity 
may  be  estimated,  according  to  a  table  of  de  Laval,  at  400  meters, 
(1345.1  ft.).  Graphically,  we  found  wl  =  720  meters  (2  362.2 
ft.),  w2  =  0.666  wl  =  480  meters  (1  574.8  ft.),  and  also  find  the 
following : 


Losses  in  the  Nozzle, 
Losses  in  the  Blades, 

Losses  at  Exit       .     . 


In  French  Units 
per  Kilo- 
gram Steam. 


23.7  Calories 
346 

7.5 


In  E7iglish 

Units,  per  Pound 

Steam. 


42.8  B.  t.u.  = 
62.3  «  = 
13-5         "      = 


Per  Cent. 


1.50%  of  Available  Energy 
21.0 
4.6 


Total  Loss   =      40.6%  of  Available  Energy. 


This  corresponds  closely  to  values  given  above.  With  these  exoeri- 
ments  we  must  assume  as  the  losses  in  the  blades,  the  very  large 
value,  1  —  (0.666)2  =  about  56%  of  the  added  kinetic  energy  in 
order  that  the  actual  total  results  may  be  in  harmony. 

These  great  losses  may  be  explained  by  the  following : 

a.  The  cylindrical  steam-jet  issuing  from  the  nozzle  is  cut  by  the 
surface  of  the  wheel  into  a  very  flat  ellipse,  whose  ends  do 
not  completely  fill  the  blade  channels,  and  therefore  works 
at  a  disadvantage.  In  the  newer  turbines,  this  fault  is 
partly  remedied. 
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b.  Due  to  the  churning  of  the  disc,  and  of  the  blades  which  at  the 

time  being  are  not  having  steam  admission,  there  is,  as 
Baumann  has  noticed,  a  tangential  steam-flow  under  and 
between  the  nozzles,  that  impinges  against  the  nozzle-jet 
and  is  absorbed  as  eddy-currents.  This  evil  is  minimized 
by  moving  the  nozzles  closer  together. 

c.  The  eddy-currents  and  the  ensuing  steam  shocks  in  the  blade 

channels  have  an  especial  influence,  as  was  explained  on 
page  97. 

Further  experiments  are  necessary  in  order  to  explain  the  values 
of  the  individual  losses.  As  Delaportes  turbine  only  differs  from 
the  one  used  in  the  Potsch  Mill  by  having  the  nozzles  placed  closer 
together,  it  seems  that  the  losses  under  case  a  are  of  especial 
importance. 

Referring  to  the  effective  power,  the  thermodynamic  efficiency 

with  these  experiments  is  for  those  of 

Delaporte, 

4  10  9 16 

rje  —  — — -  =  0.594  (expressed  in  English  values,  =  0.594); 

6.90  15.4 

Jacobson, 

Ve  =  *J*  =  0.548  (English  values,  ^  =  0.548). 

The  consumption  of  6.9  and  7.0  kg.  per  h.  p.e  hour  (15.4  and 
15.63  lb.  per  Eng.  h.  p.e  hour)  corresponds  to  values  of  a  good 
compound  engine.* 


57.   THE   SEGER    TURBINE. 

The    Seger  turbine   is  designed  with   one   pressure    and    two 
velocity  stages,  without  a  second  guide  apparatus,  by  having  the 


*  In  the  Zeitschrift  des  Vereins  deutscher  Ingenieure,  1903,  Lewicki  tells  of  ex- 
periments with  highly  superheated  steam  up  to  400°  C.  (860°  F.),  in  which  he  has 
shown  that  the  Laval  turbine,  if  only  the  nozzles  are  made  of  steel,  can  be  worked  at 
such  high  temperatures  without  further  consideration.  An  application  of  these  results 
for  a  thermodynamical  investigation  was  not  possible  at  the  time,  as  the  exact  value 
of  the  specific  heat  was  not  known. 
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steam  on  leaving  the  first  rotating  wheel  immediately  enter  a  second 
rotating  wheel  running  in  the  opposite  direction.  Seger  carried  the 
power  of  both  wheels  by  a  single  belt  to  the  main  shaft,  which  was 
placed  at  right  angles  (see  Fig.  145),  and  by  taking  suitable  sizes 
of  pulleys  obtained  the  desired  reduction. 

The  steam   consumption  was  derived    from  the  following  ex- 
periment :  * 


Vx^ 


V.V  >//;  v/77777 


IZ^m^^Z^ZZZZZ^ZZZZZ^^Z^Z^ZZW^ 


^^^^^^^^222?^?^^ 


Fig.  145. 


R.  p.  m.  of  first  wheel 
"  "    second  wheel 

"  "    main  shaft. 


8  400 
4  200 
700 
px  —       7.5  kg.  per  sq.  cm 

(106.7  lb.  per  sq.  in.) 

~      ,  C  p2  =  0.111  kg.  per  sq.  cm. 

Condenser  pressure ]  .  _       °  r  . 


Pressure  at  entrance 


Brake  load 

Consumption  per  h.  p.  hour 


(1.58  lb.  per  sq.  in.) 
Ne  =  60.85  h.  p.,  (60  Eng.  h.  p.e) 

C  Z>.  =  10.5  kg: 

I  23.42  lb.  per  Eng.  h.  p.  hr. 


*  Zeitschr.  d.  Ver.  deutsch.  Ing.,  1901,  p.  641. 
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Exhausting  into  the  atmosphere  the  steam  consumption,  accord- 
ing to  other  information,  with  6  600  and  3  BOO  r.  p.  m.  respec- 
tively, 779  kg.  per  sq.  cm.  (110.8  lb.  per  sq.  in.)  pressure  at 
entrance,  61.37  h.  p.e  (60.51  Eng.  h.  p.J  is  16.7  kg.  per  h.  p.e  hour 
(37.25  lb.  per  h.  p.e  hour). 

The  manufacture  of  the  Seger  turbine  has  been  given  up  on 
account  of  the  liquidation  of  the  makers  ;  the  principal  idea  has 
been  already  applied  in  other  makes. 


58.    THE   RIEDLER-STUMPF    TURBINE.* 

The  essential  characteristics  of  the  Riedler-Stumpf  turbine  are 
the  peculiarly  formed  Pelton  buckets  that  were  discussed  on  page, 
117  ;  also  the  rectangular  nozzles  that  allow  a  homogeneous  steam 


Fig.  146. 


jet  to  be  directed  against  the  wheel.  Fig.  146  shows  a  wheel  with 
one-sided  discharge  ;  Fig.  147  shows  sections  of  a  wheel  with  sym- 
metrical double  buckets,  that  are  again  shown  in  perspective  in 
Fig.  148.  A  turbine  of  this  type  is  built  by  the  Allgemeine 
Elektrizitats-Gesellschaft  in  Berlin,  which  returns  the  steam  to  the 


*  Taken  from  a  lecture  of  Prof.  Riedler  in  the  reports  of  the  Schiffbau  Tech- 
nischen  Gesellschaft,  V.  Vol.,  1904,  from  which  also  the  Figures  147,  149  to  153,  150, 
and  157  have  been  taken,  and  according  to  the  reports  of  the  Allgem.  Electriz.  — 
Gesellschaft,  Berlin. 
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same  or  to  a  second  bucket  system  of  the  same  wheel  ;  that  is,  it 
works  as  an  impulse  turbine  with  one  pressure  and  two  velocity 


Machined  pockets 


ES3C 


Dimensions  here  given  are  in  mm. 

Fig.  147. 


-stages.     Fig.  149  shows  the  construction  of  a  double-bucket  rim, 
by  which  the  jet  is  split  into  two  symmetrical  parts  by  the  sharp 

middle  partition.  The  jet  is 
turned  in  both  directions,  and 
then  returned  to  the  middle 
plane  of  the  wheel  by  the  re- 
verse blades,  and  is  again 
brought  to  the  wheel  as  a 
united  jet.  In  Fig.  150 
the  first  peripheral  admis- 
sion takes  place  in  a  small 
one-sided  bucket,  and  the 
steam  is  returned  to  a  sec- 
ond bucket-rim  of  the  same 
wheel,  also  one-sided,  but 
wider. 

In    the    first    case    the 
principle  of  the  united  steam 
jet  is  given  up   because   the 
reverse  blades  require  a  certain  space  between  every  two  nozzles. 
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Nearly  the  entire  periphery  has  primary  or  secondary  admission, 
and  hereby  the  fan- 
work  of  the  idle  blades 
has  been  reduced  to  a 
minimum.  The  steam 
stream  is  also  always 
turned  in  the  same  di- 
rection, which  is  of 
importance  if  we 
take  into  account 
what  was  said  in  Arti- 
cle 27  concerning  the 
distribution  of  pres- 
sure. The  reverse 
blades  must  have  a 
somewhat  more  obtuse 
entrance  angle  for  the 
outflowing  steam,  and 
a  very  acute  angle 
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for    the   reentering    steam,    which    requires    a    peculiarly   twisted 

form. 

If  we  construct  the  wheel  with  two  bucket  rims,  the  reverse 

blades  can  remain  even, 
and  the  second  wheel 
buckets  will  have  the  neces- 
sary obtuse  angle  of  slope. 
As  Fig.  150  shows,  the  re- 
verse blades  are  led  between 
the  outside  of  the  turned- 
away  nozzle -necks  so  that 
the  nozzle  ends  still  touch 
each  other  and  deliver  a 
nearly    homogeneous    jet. 

Fig.  151   shows    the   method 
Fig   151 

b'  of    attaching    of    the    re- 

verse   blades.     The    somewhat   long    path    of  the  return   can  be 
shortened  if  we  decide  to  let  the  steam  jet  describe  a  cross-loop, 
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but    designers    still    properly    keep    to    a   bending    in    the    same 
direction. 

Fig.  152  shows  the  general  arrangement  of  a  2  000  h.  p.  tur- 


Fig.  153. 

bine  making  3  000  r.  p.  m.,  and  this  machine  is  about  as  simple  as 
could  be  made.  This  turbine  has  the  same  dimensions  as  the  one 
erected  in  the  Moabit  Elektrizitatswerk  for  experimental  purposes. 


2=LL_ L 


Dimensions  here  given  are  in  mm. 


Fig.   154. 

The  inner  parts  are  made  accessible  by  using  a  cover,  dished  in 
for  strength,  and  by  overhanging  the  rotating  wheel  for  machines 
up    to  5  000    kw.    capacity.     The    casing  is  made  steam-tight  at 
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the  bearing  by  a  flexible  stuffing-box ;  air  is  prevented  from  enter- 
ing at  the  shaft  by  box-bearings,  to  which  sufficient  oil  is  fed  to 
entirely  fill  the  space  between  shaft  and  bearing.  The  oil  is  drawn 
into  the  turbine  and  is  again  pumped  out ;  the  loss  of  oil  while  the 
turbine  is  working  was  undetermined.  Fig.  153  gives  an  outside 
view  of  the  Moabit  turbine  with  dynamo.  Fig;.  154  shows  a  sec- 
tion, Fig.  155  an  outside  view,  of  a  very  compactly  constructed 
turbine  for  marine  use,  built  by  the  Allgemein  Elek.-Gesellschaft 
for  powers  up  to  about  100  kw. 


f  *  +   +      *J*~  *  ^ 

,.  ^      tf£       ^  - 


Fig.  155. 

When  the  single-pressure  stage  with  velocity  stages  is  not  suf- 
ficient to  reduce  the  revolutions  to  the  desired  speed,  we  plan 
for  the  application  of  few-pressure  stages.  Fig.  156  shows  the 
design  of  a  500  kw.  turbine  with  four  pressure  stages,  each  with 
two  velocity  stages,  making  only  500  r.  p.  m.  Fig.  157  shows  a 
vertical  turbine  of  2  000  kw.  with  two  pressure  stages,  each  with 
two  velocity  stages,  whose  r.  p.  m.  is  750.  The  peripheral  velocity 
of  the  design  in  Fig.  156  is,  according  to  the  scale  of  the  drawing, 
about  53  meters  (173.9  ft.),  while  that  of  Fig.  157  is  about  118 
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meters  (437.1  ft.).  The  centrifugal  condenser  mounted  on  the 
lower  end  of  the  turbine  shaft  in  the  latter  design  is  worthy  of 
notice,  and  its  trial  is  said  to  have  been  successful. 

Experiments  have  been  made  with   the   2  000  h.  p.  turbine  at 

the  Electrical  Works,  and  the  following  results  obtained  :  — 

a.  With   1365  kw.  load,   3  000   r.p.m.,    9  atmospheres   (147   lb. 

per  sq.  in.  absolute)  nozzle  pressure  ;  13.25  atmospheres 

(207.9  lb.  per  sq.  in.  absolute)  at  the  turbine  entrance  ; 


294.5°  C.  (562.1°  F.)  temperature  of  steam  ;  0.15  atmos- 
pheres (2.13  lb.  per  sq.  in.)  absolute  condenser  pressure, 
we  get  a  steam  consumption  of  8.89  kg.  (19.56  lb.)  per 
kw.  hour. 
ft  With  1  917  h.  p.  (1  890  Eng.  h.  p.)  (taken  with  a  hydraulic 
brake)  ;  at  3  800  r.  p.m.  ;  12  atmospheres  (185.4  lb.  per 
sq.  in.  absolute)  steam    pressure;   300°  C    (572°  F.)    tern- 
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perature  of  steam  ;  0.0855  atmosphere  condenser  pres- 
sure (1.22  lb.  per  sq.  in.  absolute),  we  have  a  steam  con- 
sumption of  7.9  kg.  (17.38  lb.)  per  kw.  hour. 


Fig.  157. 

It  would  be  of  especial  interest  to  determine  the  thermodynamic 
results  of  the  last  experiment,  even  when  this  is  only  approximately 
possible  because  of  incomplete  data.  The  power  is  1  917  h.  p., 
which  we  can  consider  as  the  "effective  "power,  as  a  brake  was  used. 
This  will  give  with  0.95  as  efficiency  of  dynamo,  1  917  x  0.736  x 
0  95  =  1  340  kw.  useful  electric  work.     The  loss  by  free  expan- 
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sion  from  12  atmospheres  (185.4  pounds  per  square  inch  absolute) 
and  300°  C.  (572°  F.)  temperature  to  0.0855  atmosphere  (1.22 
pounds  per  square  inch  absolute)  vacuum  corresponds  to  an  available 
work  of  about  198  calories  per  kg.  steam   (357.2  B.t.u.  per  pound), 

therefore  a  theoretical  consumption  of  ^7q« —  =  4.34  kg.  per 

(2544  65  \ 

•n  „An — '  o r rr  r,  =  9.55  lb.  per  kw.  hour.     .    The    total 
0.74b  x  357.2  r  / 

efficiency  then  is 


or  in  English  units, 


434       ^eAn 

1}   =  -ygj"   =    0.O49, 


,  =    ™*  =  0.549. 


17.38 


To  investigate  the  losses  individually,  the  pressure  at  the  entrance 
to  the  nozzle  must  be  known  so  that  the  outflow  velocity  can  be 
calculated.  An  approximation  of  the  same  can  be  made  from  the 
data,  that  with  850  kw.  power  and  8  to  8.1  atmospheres  (132.3 
to  133.8  pounds  per  square  inch  absolute)  pressure  at  the  nozzle 
entrance  with  equally  high  superheating,  as  in  experiment  /3,  the 
consumption  of  steam  was  9.2  to  9.4  kg.  (20.24  pounds  to  20.68 
pounds)  per  kw.  hour.  If  we  compare  this  with  the  data  of 
experiment  a,  it  seems  likely  that  the  probable  minimum  value 
should  be  about  8,7  atmospheres  (142.6  pounds  per  square  inch 
absolute)  to  which  we  shall  imagine  the  steam  at  13  atmospheres 
(185.7  pounds  per  square  inch)  absolute,  throttled.  If  we  estimate 
the  work  of  running  light  at  150  h.  p.,  which  is  sufficiently  accurate, 
we  would  obtain  for  the  "indicated  "  power,  2  065  h.p.?.  and  5.12 
kg.  per  indicated  h.p.  hour  (11.42  pounds  per  indicated  Eng.  h.  p. 
hour)  as  the  steam  consumption.  But  referring  to  the  condition 
at  the  entrance  to  the  nozzle,  the  consumption  per  h.  p.  hour  was 
3.39  (7.56  pounds  per  Eng.  h.p.  hour),  therefore  the  "  indicated  " 
degree  of  efficiency  tor  the  same  initial  condition  is 


3.39 
Vi  =  5  12  =  0.662, 
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or  in  English  units, 

7.56 
,,  =  102  =0.662. 

This  efficiency  we  can  derive  from  the  velocity  diagram,  by  taking 
the  wheel  dimensions  and  angles  from  Fig.  147  and  the  slope  of 
the  nozzles  from  Fig.  96.  We  must  take  10%  as  the  loss  in  the 
nozzles,  and  choose  the  ratio 

^  =  0.7 

in  order  to  harmonize  with  the  above.  The  loss  due  to  friction  in 
the  wheel  buckets  is  20.6%,  and  that  due  to  the  velocity  of  exit, 
3.2%.      If  we  take  15%  as  the  loss  in   the  nozzle,  we  must  choose 

the  ratio  —  =  0.78,  and  this  value  is  no  doubt  its  highest  limit. 
u\ 

The  thermodynamic  results  therefore  stand  in  very  close  agree- 
ment with  those  which  the  Laval  turbine  reached  at  400  meters 
(1  312.3  ft.)  peripheral  velocity. 

Interesting  reports  have  been  made  concerning  the  steam  con- 
sumption  of  a  20  h.  p.  turbine  exhausting  into  the  atmosphere, 
with  a  rotating  wheel  800  mm.  (31.5  in.)  diameter,  and  3  500 
r.  p.  m.  This  consumption  with  single  stage  expansion  and  with- 
out reverse  blades  was  26  kg.  (58  pounds)  ;  with  reverse  blades, 
only  17  kg.  per  effective  h.  p.  hour,  (37.9  pounds  per  effective 
Eng.  h.  p.).  It  was  not  stated  whether  saturated  or  superheated 
steam  was  used.  Whatever  assumptions  we  make,  analysis  will 
show  that  with  the  steam  flowing  through  the  rotating  buckets  but 
once,  under  every  circumstance  large  loss  must  always  occur ;  but 
on  returning  the  steam  for  a  second  peripheral  admission,  the  wheel 
seems  to  work  with  a  very  high  efficiency,  because  such  a  large 
reduction  of  the  consumption  would  not  otherwise  be  possible. 

The  Ri edler- Stump f  constructions  for  ship  propulsion  will  be 
discussed  later. 

59.    THE  ZOLLY  TURBINE. 

The  new  turbine  of  Zolly  shown  in  longitudinal  view  in  Fig.  158, 
and  in  Fig.  159  as  an  outside  view,  is  a  many  stage  impulse  tur- 
bine, and  lies  to  a  certain  extent  at    the  boundary  between    the 
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"nozzle"  and  the  "blade"  types.  In  this  turbine  there  are  only 
so  many  stages  chosen  that  the  guide  arrangements  may  be  con- 
structed from  ordinary  blades  without  using  the  nozzle  form,  whose 
divergence  is  looked  upon  as  harmful. 

The  experimental  turbine  was  made  with  ten  wheels  with  true 
axial  admission,*  divided  into  two  groups  ;  Fig.  158  shows  the  low 
pressure  part  in  cross-section.  The  small  number  of  wheels  gives 
also  a  small  number  of  blades,  and  these  can  be  made  by  machine- 
work  with  the  greatest  accuracy.  The  forged  steel  wheels  are 
turned  smooth  on  both  sides  to  decrease  friction.     The  construction 
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Fig.  159. 

of  the  blades  is  discussed  on  page  145.  The  guide  arrangements, 
made  with  the  same  high  degree  of  accuracy,  are  shown  on  page 
154.  A  distinguishing  feature  is  the  radial  divergence  of  the 
rotating  blades,  which  makes  possible  the  use  of  smaller  exit 
angles,  and  Zblly  deserves  the  distinction  of  being  the  first  to  draw 
away  from  the  usual  Laval  form  of  equal  entrance  and  exit 
angles. 

The  shaft  is  supported  in  three  bearings,  and  is  held  axially 
by  a  trust  bearing  placed  at  the  low-pressure  end.  At  the  high- 
pressure  end  is  found  the  driving  mechanism  of  the  governor. 


The  Pelton  buckets  of  the  first  design  were  not  here  used. 
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The  regulation  is  brought  about  indirectly  by  interposing  a 
steam  cylinder  A  (Fig.  160)  whose  piston  is  directly  connected 
with  the  throttling  valve  B.  The  latter  has  triangular  slots,  so 
that  the  regulation  is  sufficiently  sensitive  with  small  loads.  The 
ground-in  valve  has  a  steam-tight  face  C  Cly  to  prevent  racing  due 
to  leakage.  The  movement  of  the  steam-piston  is  controlled  by  an 
auxiliary  valve  (Fig.  160),  which  receives  oil  under  pressure 
through  tube  £\,  and  leads  it  through  the  tubes  Dx  and  D2  that 
are  connected  to  the  ends  of  the  cylinder.  From  Fig.  158  can  be 
seen  the  application  of  the  "floating  lever"  to  this  governing 
device,  by  having  the  middle  of  the  regulating  lever  attached  to  the 
governing  valve,  one  end  to  the  steam  piston,  and  the  other  end  to 
the  governor  proper.  The  oil-brake  is  connected  with  the  regulat- 
ing valve.  Fig.  159  shows  clearly  the  pipe  arrangement  for  cold 
water  and  for  oil  under  pressure.  The  oil  is  delivered  by  a  rotary 
pump  driven  from  the  governor  spindle.  The  frame  serves  at  the 
same  time  as  a  reservoir  and  as  a  cooler  for  the  lubricating  oil,  and 
contains  a  system  of  cooling  tubes  for  the  latter  purpose.  The 
bearings  and  caps  are  separately  cooled. 

A  steam  turbine  set  up  in  the  shops  of  the  Escher  Wyss  &  Cie. 
Machine  Works,  system  Zolly,  for  a  normal  load  of  500  h.  p.c  with 
10  atmospheres  boiler  pressure  (161.7  pounds  per  square  inch 
absolute)  and  3  000  r.  p.  m.,  was  tested  by  the  author  in  conjunction 
with  H.  Wagner,  director  of  the  municipal  electric  works  of 
Zurich,  and  Prof.  Weiss  of  the  Polytechnikum  (who  attended  to 
the  electrical  measuring  instruments).  The  resulting  data  is  given 
collectively  in  the  following  table.  The  turbine  delivered  its  power 
to  a  direct-connected  Siemens  &  Halske  three-phase  dynamo,  whose 
field  current  was  derived  from  an  outside  source ;  the  correspond- 
ing power  (product  of  field-current  amperage  and  voltage  at  the 
binding-posts  of  the  machine)  was  deducted  from  the  total  power  of 
the  generator.  For  condensing  the  steam  a  surface  condenser  was 
used  with  an  independently  steam-driven  air  pump.  The  cooling 
water  was  taken  partly  from  the  city  water  supply  and  from  an 
electrically  driven  circulating  pump  drawing  water  from  the  well  at 
the  works.  The  consumption  of  power  by  the  condenser  was  dif- 
ficult to  determine,  and  was  not  taken  into  account  in  the  steam 
consumption  figures. 

The  pressure  and  the  temperature  of  the  steam  was  measured 
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directly  in  front  of  the  steam  separator  at  the  turbine  because,  for 
ordinary  reasons,  the  observation  at  the  entrance  (throttle- valve) 
was  useless.  The  vacuum  was  measured  directly  with  a  mercury 
column  whose  readings  were  reduced  to  0°  C.  (32°  F.)  temperature, 
as  this  correction  was  found  necessary  on  account  of  the  high  tem- 
perature of  the  engine  room.  Measuring  the  feed  water  was  use- 
less, as  the  boiler  was  being  used  for  other  purposes  at  the  same 
time  ;  and  for  these  reasons  we  limited  ourselves  to  weighing  con- 
densed steam  from  the  air  pump,  which  flowed  into  an  elevated 
reservoir  and  thence  to  a  reservoir  on  a  scale. 

That  we  had  reached  the  condition  of  steady  running  was  proved 
by  finding  an  equal  quantity  of  condensed  steam  during  equal 
times,  and  also  by  the  steadiness  of  temperature  of  certain  exposed 
parts  of  the  turbine,  at  the  foot  of  the  housing  of  the  high-pressure 
end,  and  at  a  sight  hole  at  the  low-pressure  end.  These  measure- 
ments were  an  externally  fine  indication  of  the  steadiness  of  the 
internal  temperatures. 

Experiments  1  to  8,  inclusive,  were  taken  with  decreasing  load 
with  as  nearly  constant  r.  p.  m.  and  steam  pressure  as  was  possible. 
The  experiments  were  conducted  in  the  reverse  order ;  that  is, 
beginning  with  no  load  ;  and  the  temperature  at  the  foot  of  the 
high-pressure  housing  showed  a  steady  rise  ;  that  is,  full  steady- 
running  conditions  were  not  reached.  Such  a  condition  would  only 
be  arrived  at  after  hours  of  running,  as  is  especially  the  case  when 
running  light,  experiment  No.  8.  In  this  experiment,  the  machine 
was  run  for  about  20  minutes  at  half-load  in  order  to  heat  it  up, 
and  it  showed  after  two  hours  that  the  temperature  at  the  foot  was 
still  decreasing.  With  higher  loads  the  balancing  would  take  place 
sooner,  and  with  only  15  minutes  preliminary  running,  the  actual 
experiment  could  begin. 

Experiments  9,  10  and  11  were  conducted  with  admission  pres- 
sure kept  constant,  and  with  the  greatest  possible  variations  in 
speed  to  determine  how  and  in  what  quantities  the  volume  of  steam 
flowing  through  per  hour  changes  with  the  revolutions.  The  vol- 
tage of  the  dynamo  could  not  be  brought  to  the  desired  value  on 
account  of  the  low  velocity,  and  hence  the  load  had  to  be  decreased. 
It  was  found  that  the  through-flowing  steam  volume  was  practically 
independent  of  the  number  of  revolutions. 

Experiments  12  to  15  were  used  to  determine  the  influence  of 
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EXPERIMENTS   WITH   A 
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18a. 
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No 


Experimen 

Date 

Began  

Ended  . 

Duration 

Total  power 

Excitation,  volt  amperes 

Useful  power  (subtracting  excitation,  but  n 

subtracting  work  of  air-pump) 

No.  of  revolutions 

Pressure 


Minutes 
.  kw. 
.  kw. 


ot 


<T>  s 


Pressure 

Temperature 

Temperature 

Temp,  of  saturation 

Temp,  of  saturation 

Superheat  (11)  — (12) 

Sjiperheat  (//a)  —  (j2a) 

Pressure  ~) 

Pressure 

Temperature 

Temperature 

Temp,  of  saturation 

Temp,  of  saturation 

Superheat  (15)  —  (16) 

Superheat  (fja)  —  (iba) 

Pressure  at  exit  from  I.  guide  wheel    . 

Pressure  at  exit  from  I .  guide  wheel 

Pressure  in  connecting  pipe    .... 

Pressure  in  connecting  pipe  .     .     .     . 

Pressure  in  exhaust  pipe 

Pressure  in  exhaust  pipe 

Temp,  in  exhaust  pipe 

Temp,  in  exhaust  pipe 

Pressure  in  condenser 

Pressure  in  condenser 


>   2. 


<« 


23.     Temp,  of  condensed  steam 


I  Pipe 


Tank 


23a. 

24. 

2J. 

25a. 

26. 

26a. 

27. 


27a. 


Temp,  of  condensed  steam   j 

Barometer  reading 

Total  Steam  Consumption  per  hour    .     .     . 

Total  steam  consumption  per  hour 

STEAM  CONSUMPTION  FER   USEFUL  KW.  HOUR 

Steam    Consumption    per   useful   kw.   hour 

Theoretical  steam  consumption  per  kw.  re- 
ferred to  condition  of  steam  at  entrance  to 
steam  separator  and  vacuum  in  exhaust  pipe 

Theoretical  steam  consumption  per  kw.  as 
above    

Thermodynamic  efficiency 


.     .     .  kw. 

Per  minute 

Atm.  absolute 

Lb.  per  sq.  in.  abs. 

C.° 

F.° 

C° 

F.° 

C.° 

F.° 

Atm.  absolute 

Lb.  per  sq.  in.  abs. 

C.° 

F.° 

C.° 

F.° 

C.° 

F.° 

Atm.  absolute 

Lb.  per  sq.  in.  abs. 

Atm.  absolute 
Lb.  per  sq.  in.  abs. 

Atm.  abs. 

Lb.  per  sq.  in.  abs. 

C.° 

F.° 

Atm.  abs. 

L^b.  per  sq.  in.  abs. 

C.° 

c.° 

F.° 

F.° 
Mm.  Hg. 
Kg- 
Lb. 
Kg. 
Lb. 


Kg. 


Saturated  Steam. 


Lb. 

% 


1 

2 

3 

4 

5 

6 

21D  03 

25Ja.04  25Ja.04  25Ja.04 

25Ja.04 

18Ja.04 

3hr.l0 

3  hr.  15  3  hr.  55  2  hr.  45 

1  hr.  30 

4  hr.  00 

6  hr.  10 

4  hr.  35  4  hr.  45 

3  hr.  35 

2  hr.  20 

5  hr.  00 

180 

80 

50 

50 

50 

60 

363.78 

388.47 

335.31 

240.78 

182.85 

80.62 

0.72 

0.82 

0.80 

0.68 

0.63 

0.49 

363.06 

387.65 

334  51 

240.1 

182.22 

80.13 

2  967 

2  967 

2  977 

2  983 

2  984 

2  995 

11.16 

11.16 

10.90 

11.01 

10.97 

11.04 

164.0 

164.0 

160.2 

161. 8 

161. 2 

162.26 

187.2 

187.6 

184.7 

185.3 

185.1 

184.9 

369.0 

369-7 

364-5 

365-5 

365.2 

364.8 

183.7 

183.7 

182.6 

183.1 

182.9 

183.2 

362.7 

362.7 

360.7 

361.6 

361.2 

361.8 

3.5 

3.9 

2.1 

2.2 

2.2 

1.7 

6.3 

7.0 

3-8 

4.0 

4.o 

3-i 

(10.1)? 

10.11 

9.03 

6.92 

5.47 

3.07 

(148.4)  ? 

148.6 

'32.7 

101.7 

80.39 

45.12 

179.9 

180.0 

175.1 

164.9 

156.6 

136 

355-8 

356.0 

347-2 

328.8 

313.9 

276.8 

178.9 

179.4 

174.5 

163.6 

154.4 

133.6 

3?4.o 

354-9 

346.1 

326.5 

309-9 

372.5 

1.0 

0.6 

0.6 

1.3 

2.2 

2.4 

1.8 

1 .1 

i  .1 

2-3 

4.0 

4-3 

6.03 

6.32 

5.59 

4.29 

3.44 

1.84 

88.62 

92.89 

82. 16 

63.05 

50-56 

27.04 

1.068 

1.11 

0.982 

0.739 

0.58 

0.32 

'5-7 

16.31 

1443 

10.86 

8.524 

4-703 

0.0715 

0.0721 

0.0679 

0.0657 

0.0661 

0.0521 

1.05 1 

1.059 

0.9979 

0.9656 

0.9714 

0.7656 

39.1 

39.9 

38.9 

37.1 

36.6 

32.7 

102.4 

103.8 

102.0 

98.8 

97-9 

90.9 

0.046 

0.0471 

0.051 

0.053 

0.044 

0.6761 

0.6921 

0.7495 

0.7789 

0.6467 

22.5 

22.4 

22.2 

22  8 

24.1 

23.9 

23.9 

24.8 

26.2 

26.8 

23.6 

72.5 

72-3 

72.0 

73-o 

75-4 

75 -o 

75-° 

76.6 

79.2 

80.2 

74-5 

736 

731 

730 

730 

730 

733 

3  585 

3  776.6 

3  368.5 

2  621.0 

2 124.2 

1202.0 

7  903-5 

8325-8 

7  426.4 

5  778.4 

4  682.6 

2  649.9 

9.874 

9.742 

10.070 

10.916 

11.657 

15.00 

21.768 

21.477 

22.201 

24.065 

25.699 

33.069 

4.885 

4.887 

4.873 

4.835 

4.85 

4.702 

10.769 

10.774 

io-743 

10.659 

10.692 

10.366 

52.3 

50.2 

48.4 

44  3 

41.6 

31.3 
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Variable  Number  of  Revolutions. 

s 

Superheated 
Steam. 

~  - 

I 

<ow  Power. 

Normal  Power. 

r?  z 

> 

7 

8 

9 

10 

11       I      12 

13            14 

15 

16 

17 

18 

18  a 

1   1. 

20 

25Ja.04 

25Ja.04 

26Ja.04 

26Ja.04  25Ja.04  26Ja.04 

26Ja.04  26Ja.04 

26ja.04 

26Ja.04 

26Ja.04 

5  F.  04 

i5  F.04 

5   F.  04 

5  F.04 

llhr.25 

lOhr.35 

1  hr.  45 

llhr.35 

lOhr.10 

4  hr.  50 

5  hr.  02  5  hr.  15 

5  hr.  32 

5  hr.  55 

6hr.  19 

3hr.50 

(3hr.5  0 

llhr.15 

5hr.35 

121... 25 

llhr.10 

2  hr.  35 

12lrr.35 

llhr.10 

4  hr.  55 

5  hr.  12  5  hr.  23 

5  hr.  42 

6  hr.  10 

6  hr.  30 

5  hi  00 

4  h.  .10 

12hr.35 

5  hr.45 

60 

35 

50 

60 

60 

5 

10             8 

10 

15 

11 

70 

20 

80 

10 

296.4 

280.03 

243.15 

397.4 

400.6     404.4 

375  2 

289.25 

319  42 

392  5  390.41 

391.2 

306.21 

0.497 

0.498 

0.511 

1.09 

(0.8) 

(0.7)       (0.5) 

(1-1) 

0.55 

0.74 

0.81 

0  806 

0.816 

0.78 

295.9 

279.52 

242.06 

(396.6) 

(399.9)  (403.9) 

(374.1. 

288.7 

318.68 

391  66 

389  6 

390.4 

305  43 

2  995 

3  000 

3  229 

2  430 

1890 

3  048 

3  122      3  229 

2  649 

2  982 

2  982 

2  972 

!  2  973 

2  968 

2  960 

11.03 

11.19 

11.12 

10.61 

11.00 

10.87 

11.03     11.13 

10.71 

10.54 

10.48 

11.81 

13.13 

11.26 

(10.23) 

162. i 

164.5 

163.4 

'55-9 

16..7 

.59.8 

162. 1         163.6 

157-4 

154-9 

154.0 

188.3 

193.0 

165.5 

(•54* 

184.9 

185.7 

188.5 

188.2 

192 

189.1 

190.0     190.6 

184  9 

184.6 

183.7 

247.1 

258.5 

226.6 

247.7 

364.8 

366.3 

371-3 

370.8 

374-4 

372-4 

374-o         375.1 

364. s 

364.3 

362.7 

476.  s 

497-3 

439-9 

477-9 

183.15 

183.8 

183.5 

181.57 

183. 05 

182.5 

183.15 

183.68 

181.9 

181.2 

180.95 

189  95 

191.02 

184.1 

179.9 

36.-67 

362.8 

362.3 

358-83 

361.49 

35^-5 

361.67 

362.62 

359-4 

358.2 

357-71 

373-9' 

375-84 

363-4 

355-8 

1.8 

1.9 

5.0 

6.7 

7.2 

6.6 

6.9 

7.0 

3.0 

3.4 

2.8 

57.2 

67.5 

42.5 

67.8 

3-2 

3-4 

9.0 

12. 1 

13.0 

1 1.9 

12.4 

12.6 

5-4 

6.1 

5.0 

103.0 

121.5 

76.5 

122.0 

1.22 

0.747 

7.96 

7.96 

7.96 

10.08 

10.08 

10.08 

10  08 

9  41 

9.48 

9.72 

9.72 

9  80 

9.43 

'7-93 

10.98 

117.0 

1 17.0 

1 17.0 

148.1 

,48.1 

148.. 

14S.1 

<\8.3 

139-3 

142.9 

142.9 

144-0 

138.6 

108.8 

102.9 

171.2 

172.0 

172.2 

180 

180.1 

180.2 

179  2 

176.7 

176  9 

216.5 

219 

216.5 

224.5 

227.8 

217.2 

340.2 

341.6 

342.0 

356.0 

356.2 

356-4 

354-6 

35°-' 

35°-4 

421.7 

420.2 

421.7 

436.  r 

104.7 

91.2 

169.2 

169.2 

169.2 

179.2 

179.2 

179  2 

179.2 

176  3 

176.6 

177  6 

177.6 

178.0 

178.9 

220.5 

19&.2 

336.6 

336.6 

336.6 

3  54-6 

354-6 

354-6 

354.6 

349-3 

349-9 

35>-7 

351-7 

352-4 

354.o 

4.1 

11.7 

2.0 

2.8 

3.0 

0.8 

0.9 

1.0 

0.0 

0  4 

0.3 

38.9 

41.4 

38.5 

45.6 

7-4 

21. 1 

3-6 

5-o 

5-4 

1.4 

1.6 

1.8 

0.0 

0  7 

°-5 

70.0 

74-5 

69-3 

82.1 

0.652 

0.383 

4.76 

4.95 

4.95 

6.36 

6.34 

6.30 

6.35 

5  93 

6.0 

6.23 

6.212 

6.28 

6.15 

9.582 

5.629 

69 -95 

72.75 

72-75 

93-48 

93-'7 

92.56 

93-33 

87.16 

88.18 

91 .56 

91.30 

92.30 

90.39 

0.197 

0.176 

0.84 

0.87 

0.862 

1.12 

1.14 

1.15 

1.12 

1.05 

1.06 

1  07 

1.056 

1.09 

1.06 

2.895 

2.587 

12.35 

12.78 

.2.69 

.6.46 

.6.75 

16.90 

16.46 

15-43 

I5-58 

1573 

'5-52 

16.02 

'5-58 

0.051 

0.0514 

0.0683 

0.0665 

0.0682 

0.0696 

0.0695 

0  0692 

0  0690 

0.1922 

0  137 

0.0653 

0.0664 

0.0692 

0.213 

0.7495 

°-7554 

1.004 

0.9772 

1  002 

1.023 

1. 021 

1.023 

1. 014 

2.825 

2.013 

0.9596 

0-9759 

1.017 

3  • '  30 

32.2 

42.1 

38.5 

38.0 

38.5 

39.6 

39.5 

39.1 

39.2 

59.3 

51.8 

38.0 

38.8 

38.0 

61 

90.0 

107.8 

101.3 

100.4 

101. 3 

103-3, 

103.1 

102.4 

102.6 

1387 

125.2 

100.4 

101.S 

100.4 

141-8 

0.044 

0.6467 

0.046 

0.6761 

0.051 

0-7495 

0.046 

0.6761 

0.048 

0.7053 

.... 

0.040 

0.5879 
20.2 

0.042 

0.6 172 
20.5 

0.042 

0.6172 

0  203 
0,2983 

16.5 

16.5 

23.3 

21.8 

21.1 

20.4 

44  25 

26.2 

27.1 

25.3 

23.2 

23.3 

22.4 
68.4 
72.3 
715 

22.4 

68.9 
72.3 
715 

23.7 

68.7 

34.15 

61.7 

61.7 

73-9 

71.2 

70.0 

79.2 

72.8 

77-5 

73-8 

73*9 

111.65 

730 

731 

731 

731 

731 

731 

731 

731 

731 

731          731 

74-7 
715 

93-47 
715 

465.0 

295.4 

2  980.1 

2  978.4 

2  974.9 

(3  770) 

(3  770) 

(3  770) 

(3  770) 

(3  500.J  (3  516) 

3381  1 

3327.0  3  505.7 

3225) 

1  025.2 

6  51.24 

6  569.9 

6  566.1 

6  558.6 

(8311.3) 

(8311-3) 

(8311.3) 

(8  3 1 '  .3) 

(7  716.2)  (7  751. 4) 

7  454.o 

7  334.7 

7  728.8 

7  109.8 

10.07 

10.653 

12.29 

(9.50) 

(9.43) 

(9.33. 

(10.08) 

(12.12) 

(11.03 

8  633 

8.339 

8.98 

10.56) 

22.20 

23.486 

27.094 

20.94 

20.79 

20.57 

22.222 

26.719 

24-317 

19.032 

18.384 

19.797 

23.281 

.... 

4.825 

4.876 

4.8*6 

4.867 

4.855 

4.843 

4.897 

5.87 

5.60 

4  46 

4.41 

1 

4.683 

5.642 



10.637 

10.749 

10.6S3 

10.730  j 

10.703 

10.677 

10.796 

12.941  j    12.346 

9-833 

9.722    ! 

10.324 

12.438 

. 

'"I 

47.9 

45  8 

39  4 

51.2)     (51.5)     (51.8) 

(48.5) 

(48.4)  j  (50  8) 

51.7 

51.3 

52.2 

(53.4) 
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increased  or  decreased  number  of  revolutions  on  the  efficiency  at 
normal  load.  The  experiments  can,  from  what  has  been  previously 
stated,  be  limited  to  a  short  interval ;  it  was  sufficient  to  keep  the 
admission  pressure  constant,  and  to  read  the  electrical  power  and 
number  of  revolutions.  The  steam  consumption  might  be  deter- 
mined by  interpolation.  If  we  plot  the  derived  points  as  a  func- 
tion of  the  number  of  revolutions,  we  would  get  a  tangent  to  the 
so-called  power-parabola,  from  which  the  parabola  itself  may  be 
constructed. 

Experiments  16  and  17  refer  to  an  artificially  lowered  vacuum 
which  was  decreased  87%  and  81%.  Because  of  lack  of  time,  the 
steam  consumption  was  also  determined  by  interpolation,  according 
to  Zeuner's  formula. 

Experiments  18  to  20  were  conducted  with  superheated  steam. 
From  experiment  18,  an  interval  of  20  minutes  was  taken  as 
experiment  18#,  during  which  the  highest  mean  temperature  of 
258.5°  C.  (497.3°  F.)  existed.  Experiment  18  is  a  mean  of  observa- 
tions taken  over  an  interval  of  70  minutes. 

Experiment  20  was  conducted  with  superheated  steam  but  poor 
vacuum,  and  the  steam  consumption  must  again  be  calculated  by 
interpolation.  The  values  that  were  not  directly  observed  are  put 
in  parentheses  in  the  table. 

The  following  may  be  pointed  out  as  the  most  important  results 
of  these  experiments  : 

If  the  turbine  at  constant  boiler  pressure  and  constant  number 
of  revolutions  is  loaded  more  and  more,  the  useful  power  at  the 
brushes  of  the  dynamo  increases  in  almost  direct  ratio  with  the 
absolute  pressure  of  admission  measured  at  the  first  guide  wheel. 
It  reaches  the  0  value  (if  we  neglect  the  consumption  of  work  for 
producing  the  heat  of  the  field  current,  about  0.5  kw.)  with  ad- 
mission pressure  at  running  light  (with  excitation)  i.e.,  at  1.22  kg. 
per  sq.  cm.  (17.34  lb.  per  sq.  in.),  absolute. 

The  quantity  of  steam  flowing  through  the  turbine  per  unit  time 
increases  with  the  absolute  admission  pressures,  only  approximately 
directly.  Rather,  the  value  of  the  ratios  of  the  volume  of  steam 
per  hour  to  the  admission  pressure  may  be  taken  as  linear,  for  it 
decreases  in  the  ratio  of  about  106%  running  light  (without  excita- 
tion) to  100%  at  full  load.  In  experiment  No.  1  the  pressure  of 
admission  to  the  first  guide  wheel  was  not  taken  into  consideration, 
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as  it  may  have  been  too  large.  If  the  ratio  of  the  steam  weight 
per  hour  to  the  pressure  existing  after  the  first  guide  wheel  is 
taken,  the  derived  values  agree  satisfactorily  with  each  other.  If 
the  steam  is  superheated,  at  equal  pressure  of  admission  and 
vacuum,  a  less  steam  weight  flows  through  than  if  it  were 
saturated. 

The  consumption  of  steam  running  light,  with  dynamo  con- 
nected but  without  excitation,  was  only  7.84%  of  the  consumption 
of  saturated  steam  for  full  load.  Including  excitation,  the  con- 
sumption was  only  about  12.5%. 

If  the  vacuum  decreases  about  0.01  kg.  per  sq.  cm.  (0.142  lb. 
per  sq.  in.),  in  round  numbers  1%,  the  consumption  of  saturated 
steam  increases  about  1.8%  of  its  value,  beginning  at  0.06  kg.  per 
sq.  cm.  (0.853  lb.  per  sq.  in.).  With  superheated  steam  this 
increase  is  less,  and  is  about  1.5%. 

The  steam  volume  per  hour  hardly  changes  more  than  1%  in 
going  from  3  229  r.  p.  m.  to  1  800  r.  p.  m.,  provided  the  admission 
pressure  remains  constant.  It  is  therefore,  practically  speaking, 
constant. 

The  speed  of  3  000  r.  p.  m.  at  normal  admission  pressure  (10.0 
kg.  per  sq.  cm.,  142.23  lb.  per  sq.  in.  absolute)  lies  somewhat  be 
low  the  most  favorable  value.  An  increase  of  the  r.  p.  m.  from 
3  048  to  3  229,  other  conditions  remaining  the  same,  increases  the 
power  from  396.6  kw.  to  403.9  kw.  ;  that  is,  a  gain  of  7.3  kw., 
or  about  1.9%. 

The  best  results  were  obtained  from  experiment  No.  18a  with 
8.539  kg.  steam  consumption  per  effective  kw.  hour  (18.825  lb. 
per  kw.  hour)  at  258.5°  C.  (497.3°  F.)  steam  temperature;  that  is, 
67.7°  C.  (121.8°  F.)  superheat.  Comparing  this  with  the  consump- 
tion, using  "dry"  saturated  steam,  and  equal  initial  pressure,  gives 
the  superheat  gain  as  1%  in  steam  consumption  for  each  5°  C.  (9°  F.) 
difference  between  the  true  and  saturation  temperatures  of  the 
steam. 

All  experiments  took  place  without  interference.  The  vibra- 
tions of  the  turbine  shaft  were  minimum,  practically  nil.  The 
bearings  were  fed  with  oil  at  30°  to  35°  C.  (86°  to  95° F.)  tem- 
perature, and  the  oil  flowed  away  at  40°  to  50°  C.  (104°  to 
122°  F.). 

The  consumption  of  power  for  the  circulating  pumps  and  the 
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air  pump  at  0.06  kg.  per  sq.  cm.  (0.853  lb.  per  sq.  in.)  back  pres- 
sure was  estimated  by  the  builder  of  the  turbine  from  self-made 
measurements,  at  3f/0  of  the  normal  power. 


60.    THE    CURTIS   TURBINE. 

The  original  patent  of  Curtis  consisted  of  various  construction 
forms  of  a  4  to  6  stage-impulse  turbine,  which  practically  consisted 
of  as  many  successive  Laval  turbines.      Since  then  the  construe- 
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Fig.   161. 

tion  of  this  system  has  been  taken  up  by  the  General  Electric  Co. 
(Schenectady,  N.  Y.)  and  further  developed  by  them.*  Fig.  161 
shows  a  development  of  the  nozzle  and  blade  profiles.  The  steam 
leaving  axially  the  nozzle  Aly  strikes  next  the  first  rotating  wheel 
B1 ;  at  exit  from  the  latter  it  possesses  still  such  a  considerable 
velocity  that  it  is  worth  while  sending  it  through  a  second  guide 
wheel  system  A2  to  a  second  rotating  wheel  B2,  and  to  again  re- 
peat this  process  with  guide  wheel  ^43and  rotating  wheel  B3  .  The 
rotating  blades  B1  B2  B3  can  be  fastened  to  the  rim  of  a  single  disc 
wheel.      In  order  that  the  wheel  may  not  be  subject  to  an  excess 


*  According  to  an  article  in  the  Electrical  World  and  Engineer,  11  April  and  28 
May,  1908,  as  well  as  reports  from  the  builders. 
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pressure  there  must  exist  equilibrium  of  pressure  on  both  its  sides. 
The  steam  must  therefore  expand  to  this  pressure  in  the  nozzle. 
The  flow  through  the  blade  channels  occurs  then  with  constant 
pressure,  the  steam  exerting  only  its  kinetic  energy.  The  velocity 
decreases  greatly,  first  because  work  is  being  delivered,  and  again 
because  of  friction  ;  the  blade  channel  cross-section  must  increase 


_''dry"  saturated 
steam 


84  C  superheat 

[higher  Pressure 
and  Superheat 


600         100  800      K.W. 

Power 


Fig.  162. 

in  inverse  ratio.  By  drawing  a  velocity  diagram  it  can  be  shown 
that  this  increase  is  quite  considerable,  and  cannot  be  brought 
about  in  any  other  way  than  by  widening  the  blade  channels. 
Even  .then  we  are  forced  to  work  with  comparatively  large  angles, 
or  the  widening  would  be  too  great,  and  there  may  be  doubt 
as  to  the  steam  remaining  in  contact  with  the  diverging  side 
walls. 

The  turbine  consists  of  two  or  more  equal  groups  mounted 
successively.  A  600  kw.  machine  works  at  1  500  r.  p.  m.  and 
about  130  meters  (426.5  feet)  peripheral  velocity.  The  nozzles 
are  arranged  closely  in  groups  so  that,  according  to  reports,  the 
steam  flows  to  the  wheels  in  one  wide  strip.  The  regulation  is 
accomplished  by  closing  individual  nozzles,  but  only  for  entrance 
into  the  first  wheel ;  the  flow  to  the  other  groups  remains  un- 
changed. 

Fig.  162  represents  the  steam  consumption  for  saturated  and 
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slightly  superheated  steam  per  kw.  hour,  taken  from  the  reports 
of  the  builders  of  the  600  kw.  machine.  The  dotted  curve  shows 
the  results  the  builders  expect  with  higher  pressures  and  greater 
degree  of  superheat.  It  was  mentioned  that  the  curve  for  slight 
superheat  was  not  found  for  the  600  kw.  machine,  but  was  cal- 
culated from  results  derived  from  smaller  units.  A  consumption 
of  about  8.6  kilograms  (18.96  pounds)  saturated  steam  per  kw. 
hour  would  be  a  performance  that  would  place  this  turbine  in  the 
same  class  as  other  systems. 

The  British  Thomson-Houston  Co.  in  Rugby  give  the  following 
results  for  their  make  of  Curtis  turbine,  rated  at  500  kw.  At 
maximum  power : 

Steam  pressure  at 

Turbine     .      .     .      10.55  kg.  per  sq.  cm.  (150.05  lb.  per  sq.  in.) 
Superheat      .     .     .     64°  C.  (115.2°  F.) 
Vacuum  pressure, 

absolute     .      .     .      0.0516  kg.  per  sq.  cm.  (0.734  lb.  per  sq.  in.) 
Revolutions  per 

minute       ...      1  800 
Power       ....     660  kw. 
Steam  consumption 

per  kw.  hour       .     8.35  kg.  (18.41  lb.) 

It  was  not  stated  whether  the  work  of  running  the  condenser 
was  included  in  the  above.  At  470  kw.  load  the  air  pump  needed 
only  1.8  kw.  and  the  circulating  pump  7.1  kw.  ;  in  all,  only 
1.9%  of  the  consumption  of  power. 

The  reports  of  the  increase  of  steam  consumption  with  decrease 
of  vacuum  are  of  especial  importance.  Between  about  0.025  and 
0.10  kg.  per  sq.  cm.  (0.36  to  1.42  lb.  per  sq.  in.)  absolute  con- 
denser pressure,  this  increase  was  2.3%  of  the  initial  value  for  each 
0.01  kg.  per  sq.  cm.  (0.142  lb.  per  sq.  in.)  decrease  of  vacuum  ; 
between  about  0.1  and  0.35  kg.  per  sq.  cm.  (1.42  to  4.98  lb.  per 
sq.  in.),  about  1.5%  for  each  0.01  kg.  per  sq.  cm.  (0.142  lb.  per 
sq.  in.) 

The  decrease  of  steam  consumption  with  increase  of  superheat  is 
very  nearly  proportional  to  the  difference  between  the  actual  tern- 
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perature  and  that  of  saturation,  and  is  almost  exactly  1%  for  each 

5°  C.  (9°  F.)  superheat. 

A  comprehensive  analysis  of  the  steam    consumption  will   be 

possible  only  when  we  know  more  about   the  value  of  the  blade 

friction.    If  the  same 

losses    are    assumed 

as  occur  in  the  Laval 

blade,  then  the  given 

steam    consumption 

cannot   be  reached. 

In  general,  it  may  be 

said  that  C?trtis  works 

with  higher  flow  ve- 
locities,   and    hence 

also  greater  friction, 
than  if  the  decrease 
of  pressure  were  di- 
vided into  as  many 
stages  as  there  are 
rotating  wheels.  On 
the  other  hand,  the 
wheel  friction  is  de- 
creased by  combining 
2  or  3  rotating  wheels 
into  one  single  disc, 
which  rotates  in  steam 
of  lower  density  than 
would  be  the  case  if 
the  wheel  were  divided 
into  pressure  stages 
as    above    suggested. 

The  work  of  running  light  is  further  decreased  by  having  a  ver- 
tical construction  with  the  dynamo  placed  above,  as  is  the  prefer- 
ence of  the  General  Electric  Co.,  so  that  the  bearing  friction, 
which  is  nearly  proportional  to  the  area  of  the  bearing  surfaces, 
does  not  need  to  be  considered. 

The  illustrations  show  the  construction;  Figs.  163  and  164  are 
outside  views  of  a  5  000  kw.  turbine  giving  a  few  principal  dimen- 
sions, from  which  the  very  small  space  required  by  the  machine 


Fig.  163. 
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may  be  seen.  The  weight  of  this  turbine  with  generator  is  said  to 
be  about  &  of  the  weight  of  a  steam  engine  and  generator  of  ap- 
proximately equal  capacity,  in  the  power  house  of  the  Manhattan 
Railway  Co.  of  N.  Y.  City. 


Fig.  166. 
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The  weights  and  the  speeds  of  some  units  are  given  as  follows :  — 


Power       .      kw. 
Revolutions 

per  minute,     . 
Wt.  with      )  Kg, 


15        500     1500       1500 


5  000 


,  3  000     1800     1800  800 

.      830  16  400  43  000     55  000 

dynamo  $  Lb.      1830    36160     94  800     121250 

The  weight,  referred  to  unit  power,  is  exceedingly  small.     The 
vertical  section,  plan  view,  and  outside  view,  shown  in  Figs.  165 


500 
55  000-175  000 
121  250-385  800 


Fig.  167. 

and  166  are  of  a  small  unit  (about  500  kw.),  which  is  constructed 
in  two  main  stages,  each  with  three  velocity  stages.  The  wheels, 
according  to  the  drawing,  may  be  conceived  as  discs  of  uniform 
thickness  which  are  attached  to  the  hub  by  axial  bolts.  The  illus- 
tration shows  clearly  with  what  freedom  the  steam  plays  around 
the  intermediate  guide  wheels,  as  any  especial  steam  tightness 
would  be  useless.  The  construction  of  the  blades  was  explained 
on  page  148.  Fig.  167  represents  a  rotating  wheel  with  three 
blade-systems.     The  governor  balls  for  the  high  pressure  nozzles 
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are  loaded  with  opposing  pistons,  and  are  moved  by  a  solenoid  that 
regulates  the  admission  of  steam  to  the  operating  piston.  The 
governor  is  placed  in  a  casing  above  the  generator.  Another  and 
simpler  safety  governor 
closes  a  valve  placed 
in  the  steam  pipe  when 
the  normal  velocity  is 
exceeded.  The  coupling- 
bet  ween  turbine  and  dy- 
namo shafts,  consisting  of 
a  cone  fit  and  a  cross-key, 
is  peculiar  to  this  machine. 
This  construction  is  not 
used  on  account  of  any  lack 
of  strength  in  the  particu- 
larly strong  shaft,  but  aids 
considerably  in  saving  ver- 
tical space.  The  total 
weight  of  the  rotating  parts 
is  carried  by  a  step  bearing 
with  cast-iron  friction 
plates,  with  abundant 
pressure  lubrication.  This 
construction  is  used  a 
great  deal  in  water  tur- 
bines, but  is  required  to 
satisfy  even  greater  de- 
mands for  steam  turbines, 
on  account  of  their  higher 
velocities.  Fig.  165  shows 
a  foot-plate  made  of  several 
parts,  probably  with  the  in- 
tention of  decreasing  the 
friction  velocities  by  hav- 
ing several  plates  turn  one 
upon  the  other,  which  is  per- 
haps possible,  provided  oil  is  freely  supplied.  Curtis  also  uses,  as 
Fig.  168  shows,  foot-bearing  constructions  with  the  usual  simple 
bearing  plate.     In  both  cases  the  oil  under  pressure  also  lubricates 


Fig.  168. 
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the  adjoining  journal  bearings  which  in  Fig.  165  is  shown  provided 
with  an  outer  water  cooling  device. 

Of  late  the  multiple-disc  wheels  are  being  supplanted  by  single 
discs  with  decided  increase  of  thickness  towards  the  hub,  by  which 


with  equal  weights,  according  to  the  formulae  of  stability  in  Article 
3D,  a  decided  decrease  of  stress  is  obtained.  The  blade  rings  are 
separately  attached,  as  may  be  seen  in  Fig.  169  (taken  from  Engi- 
neering). The  important  question  as  to  how  much  the  discs  deflect 
due  to  their  own  weight,  and  how  much  they  again  straighten  out 
during  rotation,   due  to  centrifugal  force,  will  be  investigated  in 
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Chapter  V.  The  considerably  complicated  construction  of  the  cas- 
ing only  partly  shown  in  Fig.  169  can  be  more  fully  seen  in  Fig. 
170.  It  will  be  noticed  that  the  chamber  is  built  up  of  rings,  which 
are  in  turn  constructed  of  segments. 

According  to  a  lecture  by  Emmet,  there  is,  for  vertical  turbines, 


Fig.  1T0. 


a  cast-iron  protection-plate,  on  which  the  rotating  parts  may  sink 
and  be  brought  to  rest  by  friction  in  case  the  step  bearing  is  worn 
down  too  far.  For  oiling  other  parts  of  the  step  bearing,  oil  cups 
are  provided.  Recently,  large  condensing  turbines  have  been 
constructed,  having  four  pressure  stages  for  every  two  velocity 
stages. 

According  to  pamphlet  notices,  the  Allgemeine  Elektrizitats- 
gesellschaft  of  Berlin  have  obtained  the  right  of  manufacturing  the 
Curtis  turbine  for  Europe. 


25Q 


STEAM    TURBINE    TYPES. 


E 


bJ3 

E 


THE   RATEAU    TURBINE. 


257 


CO 


258 


STEAM    TURBINE   TYPES. 


61.   THE   RATEAU   TURBINE. 

The  Rateau  turbine  is  purely  an  impulse  turbine,  using  wheels 
of  thin  plates  pressed  into  a  slightly  conical  form.  These  are 
mounted  on  a  common  shaft  and  separated  from  each  other  by 
division  walls.  The  first  wheels  have  partial  peripheral  admission, 
so  that  the  peripheral  velocity  may  be  high  from  the  very  begin- 
ning, without  using  too  short  blades.     The  guide  blades  are  set 


Fig.   174. 


into  division  walls,  the  rotating  blades  are  bent  from  one  piece  of 
bronze  or  steel  plate,  and  riveted  to  the  double  turned  rim  of  the 
wheel-disc.  The  shaft  bearings  were  originally  built  as  part  of  the 
cover  of  the  turbine,  but  lately  are  made  independent.  At  the  low 
pressure  end,  the  shaft  is  made  steam-tight,  by  a  simple  stuffing  box, 
into  which  enough  water  is  allowed  to  flow  to  secure  complete 
steam  tightness.     As  the  same  pressure  exists  on  both  sides  of 
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each  rotating  wheel,  the  axial  thrust  has  only  the  small  value  due 
to  the  pressure  on  the  area  of  the  end  of  the  front  journal.  Figs. 
171  and  172  show  sections  through  the  machine  in  which  it  is  to 
be  noted  that  the  wheel  discs  are  riveted  to  their  hubs.  Fig.  173 
gives  an  outside  view  of  the  turbine  with  generator  and  oil  arrange- 


Fig.  175. 


ment.  The  mass-balancing  of  the  individual  wheels  is  accomplished 
by  means  of  the  scale  shown  in  Fig.  174,  by  balancing  the  discs  in 
two  positions  90°  apart.  The  construction  of  the  wheels  and  division 
walls  can  easily  be  seen  in  Figs.  175,  176,  and  176a.  The  con- 
struction according  to  the  latter  figure,  with  division  walls  made  in 
sections  is  preferred,  because  after  taking  away  the  casing  cover, 
all  inner  parts  can  be  freely  gotten  at. 

The  turbine  as  constructed  by  Sautter,  Harle  &  Cie.  of  Paris, 
is  shown  in  Fig.  177,  a  500  kw.  machine.  The  shaft,  both  at 
the  high  pressure  end  and  elsewhere  is  made  steam  tight  by  the 
stuffing  box  described  on  page  203  ;  Figs.  178  and  178<?  show  the 
governing  device  used  with  the  so-called  Denis  compensator.  K 
is  a   pendulum  spring   governor  with  a  central  spring  Kx  and  an 
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Figs.   176  and  116a. 
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auxiliary  spring  N,  used  to  regulate  the  revolutions.  The  connec- 
tion between  the  regulating  arm  L  and  the  throttle  valve  E  would 
be  direct  if  S  [/ V  were  neglected.  5  (see  Fig.  178^  to  a  larger 
scale)  has  a  constant  rotation,  which  revolves  the  bevel  gears  Fand 
X  in  opposite  directions.  The  projecting  key  U  on  the  spindle  P 
is  capable,  for  instance,  of  engaging  with  the  slot  on  V,  when 
spindle  P  is  lifted,  thereby  causing  it  to  rotate,  so  that  the  spindle 
screws  into  the  nuts  T  and  Q  which  are  threaded  left  and  right 
hand  respectively,  and  this  closes  the  throttle  valve  further  than  the 
governor  desired.  The  velocity  is  therefore  too  greatly  decreased, 
the  governor  returns  to  its  former  position,  and  the  machine  reaches 
(on  account  of  the  shortening  due  to  the  compensating  gear)  a  new 
normal  condition  at  the  same  number  of  revolutions  as  existed  pre- 
viously. The  governor  must  be  so  built  as  to  be  extremely  sensi- 
tive.    The  regulation  for  constant   normal  velocity  is  excellent. 

The  Orlikoji  Machine  Works  notified  the  author  that  they  con- 
ducted in  their  experimental  laboratory  a  steam  consumption  test 
of  a  Rateau  turbine  of  1  000  kw.,  shown  in  Fig.  173.  Table  1, 
page  261,  gives  the  resulting  data. 

The  mean  number  of  revolutions  was  1,500.  The  theoretical 
consumption  is  referred  to  the  condition  of  the  steam  at  entrance 
to  the  first  rotating  wheel  of  the  turbine.  The  slow  increase  of 
efficiency  is  noteworthy,  and  the  reason  is  no  doubt  because  at 
small  powers  the  turbine  is  filled  with  steam  at  less  pressure,  and 
the  work  of  fan  resistance  of  the  wheels  decreases.  At  a  better 
vacuum  the  Orlikon  Works  hope  to  reach  a  steam  consumption  of 
8.4  kilograms  (18.52  pounds)  per  kw.  hour. 

Sautter,  Harle  &  Cie.  of  Paris  have  lately  installed  a  low  pressure 
turbine  which  was  tested  by  the  experts  Sauvage  and  Picon  of  Paris, 
according  to  whose  reports  (received  19th  April,  1902)  they  worked 
in  connection  with  the  interesting  and  highly  promising  Rateau 
heat-accumulator.  This  accumulator  is  a  sufficiently  large  iron 
casting  which  condenses  the  steam  intermittently  delivered  from 
the  preceding  machines,  and  during  the  pauses  the  accumulated 
heat  again  evaporates  the  steam  so  that  the  turbine  is  kept  con- 
stantly running.  The  turbine  consists  of  seven  wheels,  each  800 
millimeters  (34.65  inches)  in  diameter.  The  experimental  results 
and  the  calculated  thermodynamic  efficiency  referred  to  the  electric 
power  are  given  collectively  in  the  following  table: 
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In  Feb.,  1903,  the  author,  in  conjunction  with  Professor  VVyss- 
ling  and  Professor  Farny  who  looked  after  the  electrical  measure- 
ments, were  invited  by  Messrs.  Sautter,  Harle  &  Cie.  of  Paris,  to 


Dimensions  are  given  in  mm. 

Fig.  178. 
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test  a  500  h.  p.  Rateau  turbine.     The  results  are  given  in  Table  3, 
pages  266  and  267. 

The  measurement  of  the  steam  consumption  was  made  by  col- 


J  dimensions  are  given  in  mm. 

Fig.  178& 
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lecting  the  condensed  steam  from  a  surface  condenser  in  two  equal 
vessels  alternately  used.  The  boilers  were  located  at  some  dis- 
tance, and  in  order  to  dry  the  steam,  high  pressures  were  used  and 
the  steam  throttled  at  the  turbine.  The  table  shows  that  it  was 
possible  to  even  superheat  the  steam  a  few  degrees.  The  power 
necessary  to  drive  the  air  pump  is  not  deducted  from  the  total 
power  at  the  brushes,  but  should  not  exceed    several    per  cent., 


Rateau  Turbine  of  500  H.  P. 


138  261  402 

Electrical  Power  in  H.P.at  the  Brushes 


641  Electric  H.P. 


Fig.  179. 


judging  from  other  data.  Two  direct  coupled  direct  current  dyna- 
mos were  driven  by  the  turbine,  which  was  kept  at  an  exceedingly 
constant  load  by  having  the  dynamo  work  on  the  metallic  resist- 
ances with  which  the  laboratory  was  abundantly  supplied.  The 
readings  of  the  condensed  steam  volumes  were  taken  every  5  to  10 
minutes,  thus  determining  in  the  least  time  the  normal  running 
condition,  and  minimizing  greatly  the  actual  time  of  the  experiment. 
Only  at  normal  load  (No.  VIII.)  did  the  experiment  extend  over 
three  hours.  During  experiment  No.  X.  the  overload  valve  was 
partly  open. 
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Of  especial  interest  is  experiment  No.  VII.  conducted  at  one-half 
the  number  of  revolutions,  which  gave,  in  comparison  with  No.  V., 
the  steam  flowing  through  per  hour  at  equal  admission  pressures, 
and  which  was  here  also  independent  of  the  number  of  revolutions. 

The  consumption  of  only  9.9  kilograms  (21.83  pounds)  per 
kw.  hour,  with  only  0.13  kilogram  per  square  centimeter  (1.85 
pounds  per  square  inch)  vacuum,  and  10.3  kilograms  per  square 
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Fig.  180. 


centimeters  (146.5  pounds    per  square  inch)    absolute    admission 
pressure,  must  be  considered  very  favorable. 

The  firm  since  then  have  built  a  third  turbine  of  almost  equal 
size,  in  which  besides  other  improvements,  a  decrease  of  the  guide- 
wheel  cross-sections  made  possible  an  increase  of  admission  pres- 
sure at  equal  power.  The  experiments  conducted  by  the  builders 
with  this  turbine  gave  the  results  shown  graphically  in  Fig.  179. 
The  full  curves  refer  to  saturated  steam,  and  the  dotted  curves  to 
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steam  of  about  10°  C.  (18°  F.)  superheat.  The  improvement  is 
considerable,  and  besides  increasing  the  admission  pressure,  allows 
a  speed  of  2400  r.  p.  m.  Fig.  180  represents  the  steam  weight 
per  hour  and  the  power  in  kw.  as  function  of  the  absolute  en- 
trance pressure  ;  the  small  circles  refer  to  my  own  experiments 
with  this  new  turbine,  the  crosses  to  those  of  Sautter,  Harle  & 
Cie.  The  steam  volume  as  well  as  the  power  increases  almost 
exactly  linearly  with  the  pressure.  If  from  Fig.  179  we  estimate 
the  consumption  of  saturated  steam  as  9.3  kilograms  (20.5  pounds) 
per  kw.  hour  at  11.1  kilograms  per  square  centimeter  (157.88 
pounds  per  square  inch)  absolute  pressure  at  the  first  guide  wheel, 
and  0.128  kilogram  per  square  centimeter  (1.82  pounds  per  square 
inch)  vacuum,  we  obtain  as  the  thermodynamic  efficiency  57.8%. 
This  figure  will  decrease  at  increase  of  vacuum,  because  the  losses 
of  exhaust  increase ;  still,  these  results  remain  unusually  good. 
The  efficiency  determined  by  the  author  for  the  former  turbine 
might  represent  the  highest  value  that  could  be  reached  with  such 
slight  superheat  for  motors  of  that  size. 

62.     THE  PARSONS  TURBINE. 

The  construction  of  this  oldest  practically  tried  turbine  is 
shown  diagrammatically  in  longitudinal  cross-section  in  Fig.  181. 
The  steam  enters  through  the  opening  shown  by  the  dotted  circle 
and  flows  towards  the  right,  through  the  successive  guide  and  rotat- 
ing wheels.  The  drums  are  constructed  in  steps,  with  abrupt  in- 
creases of  peripheral  velocity.  The  blade  lengths  also  increase  in 
smaller  and  in  larger  stages. 

At  the  left  are  found  the  pistons*  for  balancing  pressure,  made 

*  The  axial  pressure    exerted  upon  a  certain  rotating  wheel  is  expressed    by  the 
formula : 

P=F{P'  -p")-M(cm-c^X 

in  which/'  is  the  pressure  in  the  clearance  space  in  front  of  the  rotating  wheel ;  p" 
the  pressure  back  of  the  rotating  wheel ;  F  the  area  of  the  ring  between  the  outer 
and  the  inner  blade  radii ;  M  the  steam  mass  per  second  ;  c§\  and  ^02  the  axial  compo- 
nents of  the  absolute  velocities  at  entrance  to,  and  exit  from,  the  rotating  wheel.  To 
the  sum  of  the  forces  P  are  added  the  pressures  which  the  steam  exerts  upon  the 
ring  areas  between  two  drums,  and  finally  the  end  pressure  on  the  last  wheel.  It  is 
worthy  of  notice  that  the  balancing  of  pressures  by  the  labyrinth  pistons,  when  the 
balancing  exists  for  a  certain  initial  pressure,  holds  good  even  with  a  change  of  load. 
As  will  be  later  proved,  the  pressure  at  any  one  place  varies  nearly  proportionately  to 
the  initial  pressure ;  the  pressures  on  the  wheels,  the  drums,  and  on  the  balancing  is 
also  assisted  by  the  increase  of  vacuum  corresponding  to  a  drop  in  the  load. 
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steam  tight  by  the  " labyrinth"  system  previously  described,  one 
for  each  drum.  The  space  in  front  of  each  piston  is  connected 
with  the  steam  inlet  to  the  corresponding  drum,  for  the  twofold 
reason  of  causing  equal  pressures  in  both  spaces,  and  also  to  at  least 
partly  utilize  the  steam  leaking  through  the  labyrinth  packing. 
Imagine  the  overload  valve  at  A,  and  as  is  shown  in  the  figure,  when 
an  overload  occurs  this  may  be  opened  by  hand  or  by  a  governor, 
thus  admitting  live  steam  to  the  succeeding  drum  (see  page  211). 
By  so  doing,  a  counter-current  is  exerted  against  the  first  drum, 


Fig.  181. 


and  the  efficiency  of  the  steam  drops ;  but  this  disadvantage  is 
more  than  offset  by  the  advantage  that  the  turbine  at  normal  load 
will  work  with  full  boiler  pressure  at  the  first  rotating  wheel,  be- 
cause otherwise  a  strong  throttling  would  be  necessary.  The 
extending  shaft  is  made  steam  tight  by  successive  labyrinth  grooves, 
which  are  connected  to  the  vacuum  side  of  the  regulating  gear  in 
order  to  prevent  the  drawing  in  of  air. 

Fig.  182  shows  the  rotating  drums  and  the  balancing  pistons  of 
a  3  000  h.  p.  turbine  built  by  the  Westinghouse  Machine  Co.,  of 
Pittsburg.*  The  total  weight  is  about  12  600  kg.  (28  000  lb.),  the 
distance  between  bearings  3.75  m.  (13.75  feet)  the  largest  diame- 


*  According  to  an  address  by  Fr.  Hodgkinson  in  the  Proceedings  of  the  Eng. 
Soc.  of  Western  Pennsylvania,  Nov.,  1900. 
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ter  1.83  m.  (6  ft.).  Figs.  183  and  181  show  an  outside  view  of 
this  exceedingly  well  constructed  machine,  which  is  installed  at  the 
Electric  Works  in  Hartford,  Conn.  The  conspicuous  piping  would 
of  course  have  been  placed  underground  with  us.  European  con- 
structors divide  the  turbine  of  large  capacity  into  two  parts,  as  in 
Fig.  185,  a  Brown,  Boveri  &  Co.  5  000  h.  p.  turbine  for  Frankfort.* 
This  arrangement,  of  course,  has  the  disadvantage  of  too  great 
shaft  length,  which  caused  Parsons,  for  instance,  to  construct  be- 
tween the  high  and  low  pressure  groups  of  the  turbine  at  Elberfeld 
a  movable  coupling,  so  that  the  labyrinth  pistons  of  each  group  can 
be  adjusted  by  means  of  bolts  to  the  small  clearance  required.     In 


Fig.  182. 


using  superheated  steam,  this  precaution  is  doubly  necessary  be- 
cause, due  to  the  great  expansion  of  the  shaft,  the  rings  of  the 
packing  pistons  either  press  against  one  another  or  cause  an  open 
joint.  It  was  not  stated  whether  this  expansion  is  taken  into  ac- 
count in  the  movable  stuffing  box.  According  to  latest  reports, 
10  000  h.  p.  turbines  of  the  Hartford  type  are  built  with  only  two 
bearings. 

The  bearings  of  small  turbines  only  consist  of  multiple  boxes, 
as  originally  used  by  Parsons.  For  large  machines,  water-cooled 
bearings  are  used,  with  ball-boxes,  and  all  bearings  are  fed  with  oil 


*  Schweiz  Bauzeitung,  1902.     Vol.  I.,  p.  240,  etc. 
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under  pressure  from  special  pumps.      The  oil  is  led  through  tube 
arrangements,  cooled  by  water,  and  again  used. 

The  Osterreichische  Dampfturbinen-Gcscllschaft,  of  Briinn,  uses 
the  regulating  devices  shown  in  Figs.  18(3  and  186^.  A  is  the  stop 
valve  (for  high  superheat)  provided  with  a  nickel  seat.  B  is  a 
double-seated  regulating  valve,  which  according  to  Parsons'  process 
is  kept  in  periodic  up-and-down  vibration  by  means  of  a  piston  C 
in  a  steam  cylinder.  The  piston  is  loaded  by  the  spring  B,  and 
receives  live  steam  beneath,  through  the  valve  E.  The  regulating 
device  moves  the  small  piston  valve  F}  that  alternately  closes  and 
opens  the  lower  cylinder  space  to  an   exhaust   pipe,  by  which  the 


Fig.  185. 


main  piston  is  moved  upwards  or  is  allowed  to  fall.  The  piston 
valve  also  moves  the  regulator  by  an  eccentric  hub  G,  which  is 
shown  enlarged  in  Fig.  186&  Casing  H  contains  the  spring  for 
fixing  the  number  of  revolutions.  The  stop-valve  is  arranged  as  a 
safety-valve  in  case  the  velocity  is  too  high.  The  auxiliary  regula- 
tor A  in  Fig.  186a  in  opening  carries  with  it  the  loose  worm  B  on 
the  regulating  shaft,  and  by  means  of  the  spindle  Z  turns  the  collar 
K,  Fig.  186,  which  allows  the  weighted  lever  L  to  drop  and  close 
the  valve.  The  illustration  also  shows  the  bearing  for  the  for- 
ward end  of  the  shaft,  with  its  ball  and  socket  boxes,  and  the  ad- 
justable thrust  bearing  at  M.  N  is  the  piping  for  pressure 
oiling.  The  steam  piston  is  provided  with  a  lever  arm  P  for  hand 
regulation. 

The    time    required    for    opening  this    valve    becomes   less  as 
the  load  diminishes  ;  the  steam  pressure  in  back  of  the  throttle 
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valve   varies,  therefore,  periodically 
decreases  with  the  load. 


and   so  that  its  mean  value 

Fig.  187  represents 
the  governor  used  by 
Brown,  B overt  &  Cie. 
Eccentric  x  serves  for  pro- 
ducing the  principal  oscil- 
lating motion  of  the  govern- 
ing valve  g.  The  governor 
displaces  the  central  posi- 
tion of  the  oscillations  and 
thereby  varies  the  time 
required  for  the  intermit- 
tent steam  admissions. 

In  Figs.  188*  and 
188<2*  are  shown  thethrot- 


Fig.  186. 

tling  curves  at  half  and  at   full    load,   from   a  design    of  Brown, 
Boveri  &   Cie.     The   number  of   steam   admissions  are,   recently, 


*  Schweiz.  Bauzeitung,  1902,  Vol.  I.,  p.  238. 
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150-250  ;  the  unsteadiness  of  the  rotary  motion  which  is  brought 
about  artificially  by  the  pressure  oscillations,  cannot  be  very  high 
on  account  of  the  large  rotating  masses  of  the  Parsons  turbine. 


Dimensions  given  are  in  mm. 

Fig.  186*. 

Favorable  reports  have  generally  been  made  concerning  the 
wear  of  the  blades.  The  steam  velocity  seldom  reaches  the  value 
of  350  m.  to  450  m.  (1 148.3  ft.  to  1  476.4  ft.),  and  then  only  in 
the  low  pressure  wheels,  hence  is  about  half  as  great  as  in  the 
Laval  turbine;  the  kinetic  energies  per  unit  mass  are  in  the  ratio  ly 
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and  this  seems  to  be  the  reason  for  the  small  wear.  In  this  tur- 
bine, as  in  the  others,  the  introduction  of  superheated  steam,  by 
doing  away  with  the  water,  should  have  a  beneficial  influence  on 
the  steam  tightness. 

A  large  number  of  re- 
sults are  on  hand  of  ex- 
penments  concerning  the 
steam  consumption  of  the 
Parsons  turbine.  Above 
all  are  to  be  mentioned 
the  excellent  investigations 
of  Lindley,  Schroter  and 
Weber  with  the  turbines  at 
Elberfeld*  Table  4  con- 
tains further  results  made 
public  by  Stoney,^  before 
the  International  Engi- 
neering Congress  at  Glas- 
gow, 1901. 

In  the  column  for  steam 
consumption  per  kw. 
hour,  there  has  been  en- 
tered the  total  consump- 
tion in  one  hour  (in  paren- 
theses). As  the  data  is 
not  given  concerning  the 
efficiency  of  the  dynamo, 
the  actual  power  is  com- 
pared to  the  power  of  the 
perfect  turbine  dynamo, 
in  which  the  total  available 


Dimensions  given  in  mm. 

Fig.  186& 


heat  Xj  —  \/,  is  changed  without  loss  into  electric  energy.     The 
theoretical  consumption  per  kw.  hour  is  therefore, 
in  French  units, 


A>  = 


637 


0.736  (\  -  X/) 


865.5  . 


*  Zeitschr.  d.  Ver.  deutsch.  Ing.,  1900,  p.  829,  etc. 

t  Chief  Engineer  with  C.  A.  Parsons  &  Co.,  Newcastle-on-Tyne. 
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TABLE   4. 
RESULTS  OF  STONEY'S  EXPERIMENTS  WITH  PARSONS  TURBINES. 


,   . 

Theoretical 

Pressure 
(Gauge). 

Condenser 

Super- 
heat. 

S£ 

Actual  Steam 

Steam 

Location 

of  the  Turbine 

and  Kind 

Pressure 
(Absolute). 

Power 

Id 

Consumption    per 
kw.  Hour,  De . 

Consumption 

PER  KW. 

Hour,  D0. 

II 

of  Electric 

Current. 

p.a 

<u  jj 

Q.rH 

3,k« 

o 

C.u 

F.J 

t  2 

Kg. 

Lb. 

Kg. 

Lb. 

bCcr 

*c>  «>• 

W>6> 

fc  H 

fc^C/3 

O^O 

Wc£ 

k^j 

1 

5.62 

79-94 

0.0414 

o.S9 

24.7 

4990 

13.06 

28.79 

5.19 

II.44 

0.397 

2 

5.41 

76.95 

0.0345 

0.49 

11.8 

4630 

15.38 

339-06 

5.11 

II.26 

0.332 

3 

Newcastle. 

5.20 

73-96 

0.0311 

0.44 

.    . 

5.15 

4570 

20.68 

45-59 

5.09 

11.22 

0.246 

4 

5.48 

77-94 

0.138 

1.96 

23.8 

4900 

15.19 

33-49 

6.41 

I4.I3 

0.422 

5 

5.55 

78.94 

1.036 

14.7 

19.7 

4780 

31  07 

68.50 

12.79 

28.20 

0.412 

6 

Blackpool 

8.86 

126.02 

0.0691 

o.q8 

52.7 

5044 

12.7 

28.00 

5.074 

II. 19 

0.400 

7 

(Alternating) 

9.28 

i3T-99 

0.0518 

0.74 

4880 

(145.1) 

(319.89) 

8 

Blackpool 
(Alternating) 

8.93 

127.02 

0.104 

1.48 

108  5 

4800 

12.16 

26.81 

5.40 

II. 91 

0.445 

9 

8.93 

127.02 

0.0656 

0.Q3 

51.4 

4600 

13.56 

29.89 

5.04 

II. II 

0.372 

10 

8.93 

127.02 

0.0553 

0.79 

4450 

(136.1) 

(300.05) 

11 

West-Bromwich 

9.07 

129.01 

0.076 

1.08 

30. 

54-0 

123 

3500 

11.57 

25-51 

5.01 

I  I.O4 

0.433 

12 

(Direct) 

9.42 

133  98 

0.079 

1. 12 

35.6 

64.1 

122 

3520 

10.80 

23.81 

4.96 

IO.94 

0.459 

13 

7.03 

99.99 

0.0414 

0.  SQ 

46.7 

84.1 

119 

3640 

11.02 

24.29 

4.75 

IO.47 

0.431 

14 

"Win  rick 

6.40 

91.03 

0.0829 

1. 18 

38.3 

68.  q 

121 

3685 

11.48 

25-3r 

5.40 

II. 91 

0.470 

15 

(Direct) 

6.54 

93.02 

0.0829 

1. 18 

34.4 

61.9 

80 

3500 

12.88 

28.39 

5.41 

IJ-93 

0.420 

16 

6.82 

97.00 

0.0760 

1.08 

15.6 

28.1 

42 

3200 

16.33 

36.00 

5.40 

11. 91 

0.331 

17 

9.07 

129.01 

0.0829 

1. 18 

32.2 

58.0 

226 

3045 

9.98 

22.00 

5.14 

1I-33 

0.515 

18 

Blackpool 

8.58 

122.04 

0.0553 

0.7Q 

33.3 

5Q-Q 

232 

3010 

9.93 

21.89 

4.81 

10.60 

0.484 

19 

(Direct) 

8.37 

1 19.06 

0.107 

I.S2 

204 

3000 

10.98 

24.21 

5.52 

12.17 

0.503 

20 

9.14 

130.00 

0.0691 

O.98 

3010 

(430.9) 

(949-97) 

21 

8.86 

126.02 

0.112 

i.SQ 

529 

2400 

10.30 

22.71 

5.47 

12.06 

0.531 

22 
23 

Scarborough 
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9.00 
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9.14 

128.01 
163.99 
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0.0794 
0.0656 
0.114 

I-I3 

°-93 
1.62 

258 

2400 
2600 
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11.98 

(670.0) 

9.84 

26.31 

(M77-0 
21.69 

5.15 
5.46 

"•35 

12.04 

0.430 

24 

553 

0.554 

25 
26 

Cheltenham 
(Alternating) 

9.14 
9.35 

130.00 
132.85 

0.117 
0.207 

1.66 
2.94 

278 
553 

3000 
3000 

11.88 
10.70 

26.19 
23-59 

5.49 
6.12 

12. 10 
J3-49 

0.462 
0.572 

27 

9.14 

130.00 

0.207 

2.Q4 

453 

3000 

11.25 

24.80 

6.15 

n-S6 

0.547 

28 

9.49 

134.98 

0.207 

2.94 

276 

3000 

13.45 

29.65 

6.11 
5.04 

13-47 

0.455 

29 

10.26 

145.92 

0.100 

1.42 

38.9 

70.0 

515 

2500 

9.68 

21.34 

11. 11 

0.520 

30 

10.55 

150.05 

0.104 

I.48 

502 

2500 

10.48 

23.10 

5.18 

11.42 

0.495 

31 

Blackpool 
(Alternating) 

9.49 

134.98 

0.0932 

1.33 

497 

2500 

10.89 

24.01 

5.26 

11.60 

0.483 

32 

9.35 

J33-39 

0.0932 

1.33 

36.7 

66.  t 

507 

2500 

9.57 

21.08 

5.08 

1 1.20 

0.531 

S3 

10.69 

152.14 
160.00 

0.0345 

O.49 
3.14 

2500 

(680.4) 
(1147.6) 

(1500. 1) 
(2530-0) 

34 

11.25 

0.221 

.  .  . 

2500 

.   . 

35 

10.97 

156.03 

0.038 

0-54 

2.8 

5-o 

2500 

(664.5) 

(1465.0) 

36 

9.11 

129-57 

0.063 

O.9O 

10.2 

18.4 

1190.1 

1487 

8.81 

19.42 

4.82 

10.63 

0.547 

37 

9.47 

134.70O.O53 

0.75 

11.1 

20.0 

994.8 

1461 

9.14 

20.15 

4.69 

10.34 

0.513 

38 

Elberfield 

9.76 

138.81O.O54 

0.77 

8.0 

14.4 

745.3 

1470 

10.12 

22.31 

4.70 

10.36 

0.464 

39 

(3  Phase) 

9.40 

i33.7o0.046 

O.65 

29.1 

S2.4 

498.7 

1473 

11.42 

25.18 

4.54 

10.01 

0.398 

40 

9.14 

129. 860.050 

O.7I 

17.0 

30.6 

246.5 

1485 

15.21 

33-53 

4.66 

10.27 

0.304 

41 

9.49 

124.981O.O37 

0.53 

13.5 

24.3 

1488 

(1183) 

(2607.9) 
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Fig.  187. 
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Fig.  188*. 


in  English  units, 


2544.65 


3  412.7 


0.7456  (\  -  V)        ^  L( 


lb., 
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and  the  ratio  r)el  =  -—?  represents  the  thermodynamic  efficiency  re- 

ferred  to  the  steam  condition  at  the  turbine  entrance  and  the  elec- 
tric power  ;  in  these  figures,  therefore,  the  losses  of  the  dynamo 
are  included,  which  naturally  change  from  step  to  step. 

The  Schweizerische  Bauzeitung  gives  the  following  results 
of  a  second  series  of  tests  with  the  turbines  at  Elberfeld. 
(Table  5.) 

TABLE   5. 


Steam  Consumption. 

Steam 

j* 

w 

5.&1 

z 

«   . 

Temperature. 

Saturated 

Per  Electric 

Per  Effective 

«  o 
H 

** 

or 

Per  kw.  hour. 

h.  p.  Hour  at 

h.p.  Hour  at 

<  w  < 

Superheated. 

Dynamo. 

Turbine  Shaft. 

x  n  g 

w  fcQ 

c.° 

F.° 

Kg- 

Lb. 

Kg- 

Lb. 

Kg. 

Lb. 

I. 

1  030 

18.20 

359-6 

Saturated 

9.42 

20.77 

6.93 

J5-49 

6.37 

14.24 

0.919 

735 

183.0 

361.4 

(< 

10.12 

22.31 

7.43 

16.61 

6.80 

15.20 

0.915 

470 

184.8 

364.6 

(< 

11.31 

24-93 

8.32 

18.60 

6.73 

15.04 

0.809 

1022 

208.7 

407.7 

Superheated 

9.10 

20.06 

6.69 

x4-95 

6.17 

*3-79 

0.922 

758 

211.0 

411. 8 

" 

9.64 

21.25 

7.09 

15.8s 

6.47 

14.46 

0.912 

481 

207.0 

404.6 

" 

10.87 

23.96 

8.00 

17.88 

7.11 

I5-8Q 

0.888 

II. 

1  042 

181.0 

3S7-8 

Saturated 

9.69 

21.36 

7.13 

15-94 

6.48 

14.48 

0.909 

506 

185.0 

365-° 

" 

11.34 

25.00 

8.35 

18.66 

6.77 

lS-I3 

0.811 

1  030 

226.9 

440.4 

Superheated 

8.96 

19-75 

6.59 

14-73 

6.06 

!3-55 

0.920 

510 

219.0 

426.2 

" 

10.71 

23.61 

7.83 

17-5° 

7.01 

15.67 

0.880 

The  efficiency  of  the  dynamo  has  been  calculated  by  the  author 
by  dividing  the  last  two  columns,  and  shows  a  conspicuous  differ- 
ence at  half  load.  If  we  take  about  86  kw.  as  the  mean  value  of 
the  losses  of  hysteresis,  excitation,  air  and  bearing  friction,  and 
(supported  by  a  remark  in  the  experiment  report  of  Lindley, 
Schrbter  and  Weber)  4  kw.  as  lost  in  heat  in  the  field  windings, 
or  a  total  of  90  kw.  at  normal  load,  then  can  the  experiments  at 
Newcastle  be  recalculated  for  the  effective  power.  Hereby  we 
draw  a  comparison  with  a  perfect  machine  which  works  with  the 
same  pressure  and  temperature  as  exists  in  tfie  chamber  in  back  of 
the  regulating  valve,  whereby  the  temperature  was  figured  from 
the  condition  in  front  of  the  valve,  without  considering  the  loss 
of  heat  by  radiation.  The  recalculation  gives  the  values  in 
Table  5a. 
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TABLE    5a. 

Experiments   in   Newcastle   with    a    1  000    Kw.    Turbine, 

Referred  to  the  Effective  Power  and  to  the  Steam 

Condition  in  the  Steam   Chamber. 


Experiment  No. 

II. 

I. 

III. 

IV. 

v. 
246 

VI. 

VII. 

kw. 

1190 

995 

745 

499 

Dynamo. 

Electric  power 

with 
excitation 

without 
excitation 

Total  loss  in  dynamo  (estimated) 

kw. 

92 

90 

88 

87 

86 

86 

10 

Total  consumption  of  work   . 

kw. 

1282 

1085 

833 

586 

332 

86 

10 

That  is,  effective  power  at  turbine 

shaft Fr. 

h.p.e 

1742 

1474 

1132 

796 

451 

117 

13.6 

The  Same       ....        English  h.p.e 

1718 

1454 

1 1 16 

78S. 1 

444.9 

"5-4 

i3-4i 

Mech'l  efficiency  of    the  dynamo 

% 

92.8 

91.7 

89.4 

85.2 

74.2 

Observed     steam     consumption 

per  Fr.  h.p.g  per  hour       .     . 

Kg. 

6.02 

6.17 

6.66 

7.15 

8.36 

15.8 

87.0 

Observed  steam  consumption  per 

Eng.  h.p.e  per  hour 

Lb. 

13.46 

13-79 

14.89 

i.S-98 

18.69 

35-32 

194-5 

Theoretical    steam  consumption 

per  Fr.  h.p.e  per  hour 

Kg- 

3.73 

3.77 

3.89 

3.96 

4.48 

5.54 

6.47 

Theoretical    steam     consumption 

per  Eng.  h.p.e  per  hour  . 

Lb. 

3-34 

8-43 

8.69 

8.8s 

10.02 

12.38 

14.46 

Thermodynamic    efficiency,     re- 

ferred to  effective  power  . 

% 

61.9 

61.0 

58.5 

55.3 

53.5 

35.0 

7.5 

To  determine  the  "indicated  "  power,  the  data  of  the  Newcastle 
experiments  does  not  suffice,  but  it  is  interesting  to  make  even  an 
approximate  investigation  of  this  value.  By  "  indicated  "  power, 
we  mean,  as  previously  explained,  the  sum  of  the  effective  powers 
(at  the  shaft),  and  the  work  of  friction  resistances  of  the  turbine, 
understanding  that  the  steam  friction  on  the  blades  is  not  included. 
The  latter  is  taken  into  account  at  the  very  beginning  in  the  con- 
dition equations  (that  is,  its  representation  in  the  entropy  diagram). 
The  following  can  be  said  concerning  the  friction  between  the  face 
areas  of  the  rotating  blades  and  exposed  drum  periphery  between 
two  rotating  wheels. 

The  steam  jet  leaving  a  guide  blade  close  to  the  periphery  of 
the  casing,  which  is  at  rest,  has  a  velocity  cx  in  the  clearance  space 
x  (Fig.  189),  whose  peripheral  component,  cux>  with  the  usual 
angles,  is  no  doubt  greater  than  the  peripheral  velocity  u.  In  the 
clearance  space  x  the  steam  stream  causes  a  friction  on  the  face 
area  of  the  blades  in  the  direction  of  driving,  and  it  would  be  best 
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to  add  the  positive  work  so  supplied  to  the  indicated  work  ;  but  the 
losses  due  to  eddy  currents  may  be  assumed  to  have  been  consid- 
ered in  the  condition  curve.  The  flow  in  clearance  space  j,  that  is 
at  the  periphery  of  the  drum,  is  analogous  to  the  above,  if  we  con- 
sider it  as  a  motion  relative  to  the  drum,  because  the  angles  of  the 
guide  and  rotating  blades  are  nearly  equal  ;  but  the  peripheral  com- 
ponent cuy  has  a  direction  opposite  to  ?/,  exerting  a  retarding  fric- 
tion on  the  drum.  But  the  corresponding  work  is  very  slight, 
because  we  are  dealing  with    friction  of    smooth    surfaces.     The 


7> 


•it 


Fig.  189. 

same  may  be  true  in  the  case  of  friction  of  the  labyrinth  piston,  as 
the  rubbing  surfaces  are  small.  The  friction  of  the  bearings  still 
remains  as  a  considerable  quantity,  however,  and  this  becomes  less 
with  increasing  load,  as  the  turbine  is  more  thoroughly  heated, 
raising  the  temperature  of  the  bearing.  The  drum  and  labyrinth 
friction  increase  with  greater  power  on  account  of  higher  steam 
density,  and  it  is  therefore  quite  possible  that  the  total  work  of 
friction  does  not  vary  much  with  the  load  ;  and  the  friction  run- 
ning light  may  be  taken  as  constant.  Therefore  for  the  Parsons 
turbine,  we  may  use  approximately  the  same  designation  as  for  a 
reciprocating  engine, 

Indicated  Power  =  Effective  Power  -f  Power  running  light. 


A  rough  approximation  of  the  weight  of  the  turbine  at  Elber- 
feld  and  the  calculation  of  the  bearing  friction  according  to  Lasche, 
makes  it  probable  that  the  work  of  running  light  is  somewhere  near 
125  h.  p.  With  this  assumption  the  experiments  at  Newcastle 
would  give  the  table  bb. 
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TABLE   5b. 


Experiment  No. 

II. 

I. 

III.         IV. 

v. 

VI. 

VII. 

1.   Effective  Power  as  in  Table  6 

French  h.  p.e 

1  742 

1  474 

1  132 

796 

451 

117 

13.6 

ia.  Effective  Power  as  in  Table  6 

English  h.p.e 

1  718 

*  454 

1  117 

785.1 

444.8 

H5-4 

13.42 

2.  Assumed  work  for  running  light 

French  h.  p. 

125 

125 

125 

125 

125 

125 

125 

2a.  Assumed  work  for  running  light 

English  h.p. 

i23-3 

123-3 

123-3 

123-3 

*23-3 

l23-3 

123-3 

3.  Indicated  Power     .     .       French  h.p .^ 

1  867 

1  599 

1  257 

921 

576 

242 

138.6 

ja.  Indicated  Power     .     .      English  h.p.i 

1  841 

1  577 

1  240 

908.4 

568.1 

238.7 

136.7 

4.  Observed     steam      consumption    per 

h.p./  hour Kg. 

5.61 

5.69 

6.00 

6.18 

6.55 

7.62 

8.54 

4a.    Observed  steam  consumption  per  h.p.i 

hour Lb. 

12.54 

12.72 

13.41 

13.81 

14.64 

17.03 

19.09 

5.  Theoretical    steam    consumption  per 

h.p.  hour         Kg. 

3.73 

3.77 

3.89 

3.96 

4.48 

5.54 

6.47 

ja.    Theoretical     steam      consumption    per 

h.p.  hour         Lb. 

8-34 

8.43 

8.68 

8.85 

10.01 

12.37 

14.46 

6.  Thermodynamical    efficiency   referred 

to  indicated  power       .      .     .     .      % 

66.5 

66.3 

64.8 

64.1 

68.4 

72.7 

75.8 

7.  Available   heat    drop    per    kg.    steam 

referred  to   condition   in   the  steam 

chamber  (after  leaving  valve) 

Calories 

170.8  16 

142.3 

115.0 

98.5 

ja.  Available   heat  drop  per  lb.  steam  re- 

ferred   to    condition     in    the   steam 

chamber  {after  leaving  valve)  B.  t.  u. 

3°7-4 

304.6 

294-3 

289.8 

256.1 

207.0 

177.3 

8.  Transformed  into  indicated  work 

Calories 

113.411 

83.6 

74.6 

8a.    Transformed  into  indicated  work 

B.  t.  u. 

204. 1 

201.6 

191. 2 

185.4 

175.0 

'5°-5 

134-3 

9.  Assumed  exhaust  loss    .     .     Calories 

10.8 

10.8 

7.0 

5:8 

2.1 

0.7 

0.4 

qa.  Assumed  exhaust  loss      .     .     .  B.t.u. 

19.44 

19.44 

12.6 

10.44 

3-78 

1.26 

0.72 

10.   Actual  loss  of  energy  per  kg.  steam 

7  —  (8  +  9) Calories 

46.6 

46.4 

50.3 

52.2 

43.0 

30.7 

23.5 

10a.  Actual  loss    of  energy  per  lb.    steam 

7a  -   {8:l   +Qa) B.t.U. 

83.88 

83.52 

90.54 

93.96 

77-4 

55-26 

42.30 

11.  The  same  in  %  of  available  drop     .  % 

27.3 

27.4 

30.7 

32.4 

30.2 

26.7 

23.9 

Of  especial  interest  are  the  figures  that  show  the  gradual 
decrease  of  energy-loss  per  kilogram  or  pound  of  steam,  with 
increase  of  load.  Later  (see  Article  79)  will  be  given  the  deduc- 
tions that  can  be  made  from  these  results  for  the  work  of  running 

light. 

The  best  results  so  far  (end  of  January,  1904)  have  been 
obtained  by  Brown,  Boveri  &  Cie.  of  Baden,  with  their  3  000  kw. 
machine  for  the  Frankfort  Electric  Works.      The  experiments  were 
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made  by  the  director  of  the  works  himself,  under  running  condi- 
tions, and  are  given  in  Table  6.* 

TABLE    6. 

Experiments  of  the  Electrical  Works  in  Frankfort  with 
a  3  000  Kw.  Turbine. 


Experiment  No. 


Steam  pressure  at  admission  valve  (Gauge?)  .      .  Atm. 

Steam  pressure  at  admission  valve  {Gauge)  .       Lb.  per  sq.  in. 


Temperature  of  superheated  steam 
Temperature  of  superheated  steam 
Vacuum  in  %  of  barometer  reading 

Load 

Steam  consumption  per  kw.  hour 
Steam  consumption  per  kw.  hour    . 


C°. 

F°. 

% 
Kw. 
Kg. 
Lb. 


I. 

II. 

III. 

12.63 

12.8 

10.6 

185.6 

1 88. 1 

iSS-8 

298 

295 

312 

568.4 

563  0 

593-6 

93.2 

91.8 

90.0 

1  945 

2  518 

2  995 

7.20 

7.09 

6.70 

15.87 

15-63 

14-77 

The  number  of  revolutions  at  normal  running  was  1  360  per  minute. 


The  direct  current  excitation  was  supplied  by  two  special 
machines.  The  surface  condenser  was  also  driven  by  a  separate 
machine.  It  was  not  stated  whether  or  not  the  power  consumed 
was  deducted  from  the  total  power. 

Finally,  Brown,  Boveri  &  Cie.  state  that  with  a  2  000  kw. 
steam  turbine  at  only  1  440  kw.  load,  a  steam  consumption  of 
7.165  kg.  (15.8  lb.)  per  kw.  hour  has  been  reached,  under  the 
following  conditions:  11.9  atmospheres  (174.45  lb.  per  sq.  in.) 
pressure,  252°  C.  (488.3°  F.)  steam  temperature,  96%  vacuum, 
and  1  500  r.  p.  m.  Running  without  load,  but  with  excitation 
1  208.4  kg.  (2  664.06  lb.)  of  steam  was  consumed  per  hour,  with 
12.3  atmospheres  (180.77  lb.  per  sq.  in.)  pressure,  205°  C.  (401°F.) 
steam  temperature,  and  96.8%  vacuum.  For  intermediate  loads, 
the  total  consumption  varies  directly  with  the  load.  Of  especial 
interest  is  the  information  that  the  consumption  of  power  of  the 
independently    driven    surface   condenser  was   only   20  kw.,   that 

is,  n%. 

The  Westinghouse  Machine  Company  of  Pittsburg  notifies  me 


*  Described  in   "  Die  Stadtischen  Electrizitatswerke   zu   Frankfort    a.  M."  by  S. 
Singer,  director  of  Works,  Frankfort,  1903,  p.  35. 


8.67  kg. 

19.11  lb.  per  kw.  hour, 

9.20  kg. 

20.28    « 

10.44  kg. 

23.02    "      " 

12.70  kg. 

28.00    "      " 
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that  the  1  500  kw.  turbine  illustrated  in  Fig.  183  at  150  lb. 
boiler  pressure  and  26-inch  vacuum,  gave  the  following  steam  con- 
sumption :  — 

At  full  load  .... 
At  f  load  .... 
At  i  load  .... 
At  I  load      .... 

The  experiments  from  which  these  results  are  probably  de- 
rived have  in  the  meantime  been  published  in  the  Electrical  World, 
September,  1902,  by  Prof.  Wm.  Lispenard  Robb>  and  are  given 
in  Table  7,  page  288. 

The  experiments  must  have  been  conducted  during  ordinary 
running,  which  explains  the  unavoidable  variation  of  load.  The 
curves  shown  elsewhere  are  somewhat  more  regular,  but  do  not 
prevent  us  from  giving  credence  to  the  above  results.  The  con- 
sumption was  measured  by  weighing  the  volume  of  feed  water. 
It  was  not  stated  whether  the  steam  pressure  was  "absolute." 
The  values  given  in  Experiment  5  may  be  referred  to  the  minimum 
value  of  the  vacuum. 

From  these  results,  especially  those  of  Stoney,  there  is  plainly 
shown  the  great  influence  of  superheat  and  degree  of  vacuum  on  the 
steam  consumption.  The  experiments  with  a  500  kw.  machine  at 
Blackpool,  Table  4,  Nos.  29  and  30,  show  an  improvement  of  1% 
for  every  5.1°  C.  (9.2°  F.)  superheat,  while  the  decrease  of  theo- 
retical consumption  was  only  5.18—  5.04  =  0.14  kg.   (0.309  lb.) 

per  kw.  hour  =  2.7%  of  5.18,  that  is,  only  ^°  =  14.4°  C.  (25.9° 

F.),  a  saving  of  1%  of  the  consumption.  Similarly,  Nos.  31  and 
32  give  1%  for  3.3°  C.  (5.9°  F.),  while,  theoretically,  1%  for  each 
11°  C.  (19.8°  F.).  In  absolute  figures,  the  results  of  Nos.  29  and 
30  are  as  follows  :  with  an  assumed  efficiency  of  the  dynamo  of 
0.90,  and  an  exhaust  and  bearing  friction  loss  of  8%,  the  total 
steam  friction  losses  per  kg.  of  steam  are  61.6  calories  with  satu- 
rated steam,  and  58.5  calories  with  superheated  steam.  In  English 
units  this  would  be  for  1  lb.  of  steam  111.12  B.  t.  u.  for  saturated, 
and  105.53  B.  t.  u.  for  superheated  steam.  The  friction  corre- 
sponded to  3.1  calories  for  61.6  calories  per  kg.  (5.6  B.  t.  u.  for 
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111.12  B.  t.u.  per  lb.);  that  is,  5.7%.  As  the  superheat  was 
38.9°  C.  (70°  F.),  the  decrease  in  the  work  of  steam  friction  was  1% 
for  each  6.8°  C.  (12.2°  F.)  superheat.  Further  experiments  must 
verify  this  drop  in  friction  coefficients,  which  is  very  important ; 
because  slight  superheating  extends  into  the  turbine  for  a  short 
distance  only,  and  the  greatest  part  of  the  condition  change  re- 
mains in  the  saturated  territory. 

It  is  assumed  that  both  experiments  in  Elberfeld  were  made 
under  similar  conditions.  The  comparison  shows  a  gain  of  1%  for 
every  8°  C.  (14.4°  F.)  with  turbine  I.  (27°  C.  or  48.6°  F.  superheat) 
and  1%  for  about  6°  C.  (10.8°  F.)  for  turbine  II.  (46°  C.  or  82.8°  F. 
superheat) ;  hence  considerably  less  than  with  experiments  31  and 
32. 

Experiments  24  and  26  with  a  500  kw.  machine  at  Chelten- 
ham gave  results  bearing  on  the  influence  due  to  vacuum  changes. 
In  going  from  0.207  kg.  per  sq.  cm.  (0.46  lb.  per  sq.  in.)  back  pres- 
sure to  0.114  kg.  per  sq.  cm.  (0.25  lb.  per  sq.  in.),  a  gain  of  steam 

.  ,10.70-9.84       OAC. 

consumption  was   obtained  of =  o.9o%,    while    the 

10.70 

i  •     i  6.12  —  5.46       -xr,  ,   ,       ^      i  •  i 

theoretical     gain  was — — — =  12.4%.     On   decreasing    the 

0.  Vu 

back  pressure  to  0.1  kg.  per  sq.  cm.  (0.22  lb.  per  sq.  in.)  the  cor- 
responding  figures  were    4.65%   and  6.40%  ;  there  was,  therefore, 

4.65 
an  increase  of  vacuum  of  — — -  =  0.73  ;  that  is,  I  of  the  tJieoretical 

gain  was  actually  achieved.  But  it  is  to  be  observed  that  with  one 
and  the  same  turbine  the  exit  velocity  with  low  vacuum  increases 
nearly  in  simple  ratio  with  the  larger  steam  volumes  ;  the  loss  at 
exit,  therefore,  increases  as  the  square  of  this  ratio.  If  this  loss 
at  0.114  atmospheres  (0.25  lb.  per  sq.  in.)  vacuum  is  5%,  then 
at  0.207  atmospheres  (0.46  lb.  per  sq.  in.)  it  would  equal  about 
/0.114^2 
\07207/ 

the  value  that  is  given  as  the  difference  between  the  theoretical 
(12.4%)  and  the  actual  (8.95%)  gain.  From  this  follows  the  im- 
portance of  a  good  vacuum  in  the  steam  turbine.  The  experi- 
ments of  Stoney  show  that  with  the  Parsons  Turbine  this  was 
excellently  accomplished. 


-V 
1    5  =  1.4%,  and  the  difference  5%  —  1.4%  =  3.6%  is  near 
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Fig.  190. 


63.    THE  SCHULZ   TURBINE. 

The  Schulz  turbine  for  stationary  purposes,  which  shall  be 
first  discussed,  is  a  reaction  turbine  which  balances  the  axial  steam 
pressure  in  a  manner  deserving  of  a  great  deal  of  attention.     The 

turbine  is  divided  into  a 
high  pressure  and  a  low 
pressure  group,  with  the 
steam  flow  in  opposite 
directions.  Fig.  190  was 
taken  from  the  German  pa- 
tent drawing  No.  137  792 
(November,  1900),  and 
shows  at  E  the  steam 
entrance  on  the  high 
pressure  side,  at  F  the 
exit  from  the  high  pressure  side.  Leaving  F  the  steam  passes 
through  the  governing  valve  G  and  the  pipe  K  to  the  low 
pressure  side  of  the  turbine  H,  from  which  the  steam  exhausts 
through  /  to  the  condenser.  M  is  a  live  steam  pipe  that  could  be 
used  for  running  the  turbine  in  a  reversed  direction,  and  N  is  a 
thrust  bearing  for  taking  up  any  remaining  axial  forces.  The  tur- 
bine may  be  completely  balanced  for  a  certain  steam  and  condenser 
pressure  and  a  certain  number  of  revolutions.  The  balancing  re- 
mains perfect,  if  admission  and  vacuum  pressures  change  propor- 
tionately ;  this  does  not  exactly  occur  in  practice,  still  the  axial 
force  is  not  great  if  the  drum  dimensions  of  A  and  B  are  correctly 
fixed  (similarly  as  with  the  Parsons  turbine  where  analogous  con- 
ditions exist)  and  the  use  of  a  regulating  valve  would  become 
superfluous. 

For  marine  purposes  Schulz  constructs  the  high  pressure  side 
mostly  as  an  impulse  turbine,  and  leaves  the  axial  pressure  of  the 
low  pressure  side  remain  in  order  to  balance  the  thrust  of  the 
propeller.  An  experimental  turbine  of  this  type,  built  by  the 
Krupp  Germainiawerft  of  Kiel,  is  shown  in  Fig.  191.  The  first 
ten  impulse  wheels  are  fitted  with  the  governor  (in  this  case  regu- 
lated by  hand)  described  on  page  209.  In  Fig.  192  is  a  reproduc- 
tion of  a  photograph  of  the  turbine  mounted  on  a  test  foundation. 
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The  long  screws  visible  on  the  high  pressure  cover  serve  to  set  the 
guide  wheels  on  their  discs  so  that  the  cross-section  through  which 
the  steam  flows  may  be  changed  at  will.  The  pipe  R  shown  in 
Fig.  191  takes  steam  from  the  reverse  valve  V  for  running  the 
turbine  backwards ;  the  steam,  according  to  a  method  protected 
by  patents,  acts  upon  an  axial  and  a  radial  turbine.  The  latter 
serves  the  same  purpose  as  the  labyrinth  packing  of  a  Parsons 
turbine,  and  balances  the  propeller  thrust  when  running  backwards. 


Fig.  192. 


The  construction  of  the  high  pressure  steel  wheels  can  be  seen 
from  Fig.  132,  page  208.  The  blades  are  made  of  drawn  delta 
metal,  the  covering  ring  of  steel.  Fig.  193  represents  a  working 
drawing  of  the  low  pressure  wheel,  which  unites  three  rotating  rings 
combined,  and  shows  the  saw-tooth  profile  for  the  diminution  of 
steam  leakage. 

The  designer  conducted  a  series  of  experiments  with  an  experi- 
mental turbine  whose  results  are  graphically  represented  in  Fig.  194. 
The  apex  of  the  power  parabola  was  reached  in  increasing  the  speed 
to  5  000  revolutions  per  minute.  The  boiler  pressure  remained 
constant ;    the  mean   pressure  after  the  high  pressure  turbine  was, 
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in  the  order  of  the  curves  A  to  F,  1.00;  1.12;  1.35;  1.60;  1.80  ; 
1.90  kg.  per  sq.  cm.  abs.  (15.5;  15.9;  19.2;  22.8;  25.6;  27.0 
pounds  per  square  inch  absolute) ;  the  mean  condenser  pressure  was 
0.3  kg.  per  sq.  cm.  (4.3  pounds  per  square  inch)  absolute. 
Whether  the  indenta- 
tions of  the  curves  A 
and  B  are  organic  phe- 
nomena (as  is  the  case 
with  many  hydraulic 
turbines)  could  not  be 
ascertained  from  the 
given  data. 

Further  interesting 
experiments  investiga- 
ting the  change  of 
pressure  with  the 
change  of  guide  wheel 
cross-section  are  repre- 
sented  in  Fig.  195. 
The  number  of  revolu- 
tions was  about  1  440. 
The  pressure  was  de- 
termined by  means  of 
an  indicator  connected 
with  a  cock  shown  in 
Fig.  196,  and  also  seen 
in  Fig.  192.  Curve  A 
corresponds  to  normal 
running.  In  curve  B 
the  first  ten  steps  re- 
ceived one-sixth  open- 
ing. In  Cy  steps  1,  5 
and  10  each  one-sixth 
opening.      In  D    only 

the  first  step  received  one-sixth  opening.  The  guide  cross-section, 
decreased  for  the  time  being  gave,  naturally,  a  strong  drop  of  pres- 
sure, which  is  clearly  seen  from  the  figure.  For  further  calculated 
results,  the  steam  condition  must  be  known  ;  that  is,  the  degree  of 
superheat  at  the  turbine.     Still,  the  good  results  of  the  regulation 


Dimensions  given  in  mm. 

Fig.  193. 


^4 

H.f 

STEAM 

TURBIN1 

2   TYPES. 

f1 

,, 

""""                                  :["" 

"— »-^; 

>*" ' 

"**• 

„«^               - 

^                 —— - 

~£    i 

---" 

^|4^» 

I-- 

^4 

~  —  -~j-fc 

/ 

' 

^— r-r" 

/* 

o" 

Z? 

/ 

/ 

•' 

'"    T 

/ 

/ 

V 

s 

tf 

__4_ — === 

■    ""  — 

/ 

x 

,> 

• 

»* 

s 

fl 

>-fi^5' 

' 

• 

Y 

^ 

f 

J/ 

• 

^ 

^ 

"  =  =  d 

__. 

— -  - 

50- 

; 

-A 

7*" 

■s* 

-' 

>■ 

// 

S 

^ 

A 

k 

'„ 

--■ 

1/ 

& 

s' 

—  fV 

#* 

fS0 

0< 

? 

'006 

3000 

V000                            5000 

/?ew.  joe/-  m/'n.. 

Fig.  194. 


tf      <?       W     72      /#  ]  7£     7<?      20    22    ^V         2f-  *A.  ft/rfc/we 


///gr/»  Pressure 


»J     K- 


Aou/  Pressure 


Fig.  195. 


THE   LIN  DM  ARK    TURBINE. 


295 


according  to  method  B  are  clearly  seen  ;  that  is,  working  with  one- 
sixth  cross-section  and  full  steam  pressure. 


Fig.  196. 

The  construction  of  the  marine   type  of  Schufc  turbine  will  be 
discussed  later. 


64.     THE   LINDMARK   TURBINE. 

Lindmark*  made  use  of  the  possibility  of  retransforming  the 
flow  energy  of  the  steam  into  pressure,  by  means  of  conical  noz- 
zles, in  order  to  construct  a  turbine  with  the  smallest  possible  peri- 
pheral velocity.  From  curve  C,  Fig.  29,  page  64,  can  be  deter- 
mined that  with  steam  at  10.5  kg.  per  square  cm.  (149.4  pounds 
per  square  inch)  pressure  at  the  nozzle  entrance,  there  is  an  expan- 
sion to  the  narrowest  part  of  the  nozzle  to  about  7.5  kg.  per  sq.  cm. 
(106.7  pounds  per  square  inch),  and  then  a  compression  in  the 
diverging  part  to  nearly  9  kg.  per  sq.  cm.  (128  pounds  per  square 
inch).  Hence  there  occurs  in  spite  of  the  considerable  drop  of 
pressure,  a  pressure  loss  of  only  about  \  atmosphere  (7.4  pounds 
per  square  inch).  The  velocity  at  the  wide  end  of  the  nozzle  is  so 
slight  that  the  energy  of  flow  may  be  neglected,  and  the  condition 
of  the  steam  may  be  determined  by  making  the  heat  contents  equal 
at  the  two  extremities  of  the  nozzle.  The  entire  occurrence  may 
be  seen  in  the  entropy  diagram  (to  no  certain  scale)  in  Fig.  197. 
Ax  is  the  initial  condition,  AYA2  is  the  actual  expansion  line  to  the 
pressure  at  the  narrowest  part  of  the  nozzle,  which  differs  from  the 
adiabatic  line  AXAJ  by  the  constant  increase  of  entropy  (that  is, 
transformation    of    kinetic    energy    into    heat).      The    subsequent 


*  Formerly  chief  draughtsman  with  the  Laval  Company  in  Stockholm. 
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compression  leads  to  A3,  and  the  actual  occurrence  again  differs 
from  the  adiabatic  compression  A2A3  by  the  increase  of  entropy. 
A3  is  the  point  of  intersection  of  the  compression  curve  with  the 
curve  \  =  constant  and  gives  the  final  condition  from  its  pressure 
and  temperature.  The  total  work  of  friction  is  represented  by 
area  Ax BlB3A3A2Ai,  and  it  depends  on  the  size  of  this  area  how 
much  lower  the  final  pressure  />3  is    than/^.      But  here   also  the 

total  value  does  not  in  any 
way  represent  an  actual 
loss  ;  it  is,  however,  the 
product  of  the  increase  of 
entropy  BXB3  and  the  low- 
est absolute  temperature  ; 
that  is,  the  temperature  at 
condenser  pressure.  Let 
this  be  ClBl ;  that  is,  equal 
to  the  area  BXB3C3CX. 

According  to  what  has 
been  said  before,  it  is  now 
probable  that  if  the  final 
velocity  of  expansion  at  f>3 
exceeds  the  acoustic  ve- 
locity, a  steam  shock  occurs 
and  the  losses  increase 
rapidly.  For  this  reason, 
the  transformation  of 
velocity  into  pressure  has 
a  practical  limit.  It  is  en- 
tirely immaterial  in  what 
manner  the  steam  at  condi- 
tion A2  acquired  its  velocity.  This  can  be  the  exit  velocity  from 
the  rotating  wheel  of  a  turbine  ;  if  the  steam  is  led  to  a  nozzle  it 
undergoes  a  compression,  as  in  our  experiment,  and  this  is  the 
scheme  adopted  by  Lindmark. 

Lindmark  observed  a  part  of  these  occurrences  from  his  own 
experiments,  as  can  be  seen  from  his  German  patent  No.  142  964 
of  Feb.  23,  1902,  which  was  not  granted  until  Aug.  8,  1903.  He 
failed,  however,  to  discover  the  dangerous  steam  shock,  although  he 
realized  the  increase  of  pressure  losses  with  increasing  expansion, 


Fig.  197. 
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and  did  not  intend  to  go  below  the  critical  pressure  ratio  (that  is, 
about  0.58).  The  manner  in  which  Lindmark  developed  his  idea 
practically  can  be   seen  in  Figs.  198  and  199.     The  first  of  these 


^S^3 


Fig.  198. 

many-stage  turbines  (Fig.  198)  worked  in  a  certain  measure  with 
total  reaction,  by  having  the  steam  enter  the  hollow  rotating  wheel, 
and  transform  the  entire  pressure  drop  into  velocity.  A  special 
guide  wheel  is  unnecessary 
on  account  of  the  small 
value  of  the  radial  velocity. 
With  relatively  small  peri- 
pheral velocity,  a  considera- 
ble exit- velocity  remains, 
and  this,  as  shown  above,  is 
retransformed  into  pressure 
energy  by  the  enlarged  ring 
channel,  which  must  be 
called  a  "  diffuser "  as  in 
hydraulic  turbines.  By  a 
suitable  channel  the  steam 
wheel,  and  so  on. 

Fig.  199  shows  the  application  of  this  principle  to  an  impulse 
turbine  with  axial  flow  throughout.      In  both  cases  full  peripheral 


Fig.  199. 
is    led  to  the  inside  of    the  second 
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admission  is  absolutely  necessary  in  order  to  avoid  eddy  currents  at 
entrance  to  the  diffuser.  The  inventor  hopes  for  better  results 
with  the  reaction  turbine,  for  the  following  reasons :  The  reaction 
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blades  can  be  made  extremely  short.  With  pressure  differences 
that  are  not  excessive,  the  diffuser  channel  will  also  be  short. 
High  steam  velocities  (300-400  meters,  or  984-1  312  ft.)  can  only 
occur  in  these  short  paths  whose  length  for  a  single  stage  is  con- 
fined to  a  few  centimeters.  In  all  the  remaining  parts  we  can 
work  with  very  small  velocity.  The  actual  steam  friction  will 
be  therefore  very  slight.  The  wheel  friction  also  can  be  small,  as 
there  exist  no  idle  blades,  and  the  steam  is  in  contact  with  only 


Fig.  201. 

smooth  surfaces.  As  a  disadvantage  of  this  system  may  be  noted 
the  necessity  for  full  peripheral  admission,  which  leads  in  large 
units  to  very  narrow  channels.  The  leakage  between  the  wheel 
and  its  casing  may  be  a  source  of  disturbance,  as  the  difference 
between  the  pressures  in  the  clearance  space  and  the  entrance  to 
the  rotating  wheel  is  larger  than  with  the  ordinary  turbine.  Still, 
the  final  verdict  must  be  left  to  experience. 

Fig.  200  shows  the  first  300  h.p.  experimental  design,  consist- 
ing of  21  wheels  with  500  to  800  mm.  (19.7  to  31.5  inches)  dia- 
meter, and  working  at  3  000  revolutions  per  minute.  The  highest 
flow  velocity,  according  to  reports  of  the  inventor,  was  250  to  350 
meters  (820  to  1 148  ft.).  Fig.  201  shows  a  profile  of  the  blades. 
The  design  corresponds  to  pure  reaction,  according  to  scheme  in 
Fig.  198.  The  results  of  experiments  with  this  peculiar  type  are 
awaited  with  great  interest. 


65.   THE  GELPKE-KUGEL  TURBINE. 

The  turbine  shown  in  Fig.  202  works  with  slight  reaction  and 
radial  peripheral  admission.  The  path  of  the  steam,  as  can  be 
seen,  follows  a  sinuous  course.  Fig.  203  represents  the  guide 
blades  A  purposely  made  with  slighter  bends  ;  B  is  the  actual 
working  rotating  blades,  that  allow  the  steam  to  exhaust  at  a 
moderately  sharp  angle  to  the  wheel  periphery.  In  the  channel  C 
which  leads  outward  are  more  rotating  blades,  that  should  work 
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with  pure  impulse  (that  is,  approximately  constant  pressure),  there- 
fore only  deviate  the  steam.     Channel  D  now  receiving  the  steam, 

is  provided  with  only 
a  few  blades  guiding 
radially.  By  a  suc- 
cession of  similar 
systems,  the  25-stage 
turbine  shown  in  Fig. 
202  is  constructed. 
The  excess  pressure  on 
the  forward  end  and  on 
the  free  ring  areas  of 
the  drums  is  partly  bal- 
anced by  pressure  pis- 
tons arranged  in  steps 
(on  the  right  hand  end 
of  the  shaft),  to  which 
live  steam  is  admitted. 
The  main  part  of  this 
excess  pressure  is  taken 
up  in  an  oil  pressure 
thrust  bearing.  The 
blades  are  cut  from  a 
drawn  profile  and  have 
suitable  attachments  for 
the  side  rings,  /.  In 
the  assembled  condi- 
tion they  are  pressed 
together  with  the  carry- 
ing rings  L  and  K,  on 
the  rotating  drum,  or 
the  casing,  respectively. 
The  regulation  is 
accomplished  by  turn- 
ing the  guide  blades  E 
of  the  first  wheel,  in 
the  manner  shown  in 
Fig.  203,  that  very  much  suggests  the  usual  construction  of  the 
Francis  turbine.      H  is  a  movable    ring   that    carries    along   the 


Fig.   202. 
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guide  blades  E  by  means  of  the  bolt  G  and  the  rod  F.  The  high 
steam  velocity  existing  during  throttling  at  exit  from  these  guide 
blades  is  not  utilized  in  the  rotating  wheels,  as  a  "continuity" 
forces  the  steam  in  the  rotating  blades  to  take  as  high  a  velocity 
as  though  we  had  used  the  usual  throttling. 

The  constructors  give  as  advantages  of  their  system  the  fact 
that  the  blade  lengths  can  be  completely  fitted  to  the  theoretical 


values,  also  that  the  losses  in  the  clearance  spaces  are  slight,  be- 
cause the  flow  takes  place  at  right  angles.  The  length  of  the 
steam  path  and  the  pressure  of  a  further  bearing  in  each  guide 
and  rotating  wheel  must  be  considered  as  disadvantages.  Still,  it 
is  hoped  that  the  effects  of  these  disadvantages  may  be  reduced 
to  a  harmless  degree  by  the  use  of  smaller  velocities  (20  to  40 
meters,  or  65  to  131  ft.). 
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In  the  vertical  construction  the  very  awkward  divisions  of  the 
casings  of  other  systems  may  be  avoided,  and  the  externally  smooth 
drum  may  be  inserted  at  the  top  of  the  casing,  which  is  very  advan- 
tageous. A  turbine  of  140  h.  p.  at  4  500  revolutions  per  minute 
has  been  constructed,  and  will  soon  be  tested. 

66.    HISTORICAL   REVIEW. 

K.  Sosnozuski,  in  his  book,  "  Roues  et  turbines  a  vapeur,"  Paris, 
1897,  gives  some  very  interesting  information  on  the  fertile  history 
of  the  steam  turbine.  The  book  is  chiefly  a  compilation  of  old 
patents  taken  from  the  Parisian  Archive;  and  with  the  permission 
of  the  author,  we  give  the  following  examples. 

As  the  oldest  trace  of  the  steam  turbine,  we  might  consider  the 
"  Eolypyle  "  used  by  the  Egyptian  priests,  and  which  was  described 

by  Heeron  of  Alexandria  about  the 
year  120  B.  C.  The  apparatus 
consisted  of  a  hollow  ball  placed 
over  a  fire,  and  made  to  rotate  by 
the  reaction  of  a  steam  jet  exhaust- 
ing from  a  bent  tube. 

Giovanni  Branca,  Italian  archi- 
tect,  suggested  in  1629,  the  con- 
struction of  a  machine  shown  in  Fig.  204.      He  is  therefore  the 
predecessor  of  de  Laval. 

Real  and  Picon  constructed  in  1827  the  first  many-stage  im- 
pulse turbine  (see  Figs.  205  to  205*:).  The  rotating  wheel  g  has 
undoubtedly  only  primitive  blades,  the  guide  wheel  b  has  slanting 
holes  drilled  to  serve  as  nozzles.  The  enlarged  sketch,  Fig.  205#, 
shows  how  single  divisions  were  formed  by  the  guide  discs  b,  in 
which  the  wheels  g  moved.  Fig.  205  shows  an  assembly,  in  which 
only  the  steps  on  the  shaft  are  shown,  but  which  shows  by  counting, 
that  it  represented  a  31-stage  turbine. 

Since  James  Sadler  in  1791  described  a  reaction  turbine  of  the 
type  built  by  Segner,  this  principle  has  been  numerously  applied. 
In  1853  Toumaire  presented  to  the  French  Academy  an  exceed- 
ingly clear  description  of  a  many-stage  reaction  turbine  (Figs.  206, 
206^).  He  emphasized  that  it  worked  chiefly  because  of  the  differ- 
ences of  pressure  between  the  entrance  to  and  exit  from  the  blades, 
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which  is  increased  by  the  relative  velocity.     The  cross-section  of 
the  blade  channel  must  be  greater  at  entrance  than  at  exit.     He 


Fig.   205. 


recognized  that  the  very  high  peripheral  velocity  otherwise  neces- 
sary could  be  decreased  by  the  application  of  many-stage  expansion. 
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Perrigault  and  Farcot  in  1864  took  out  the  first  patent  for 
reversing  the  direction  of  the  steam  current,  of  course  in  a  prac- 


Fig.  205£. 


Fig.  205c. 


tically  useless  form 
shown  in  Fig.  208, 


Fig.  206. 


shown  in  Fig.  207.  Ferrantts  suggestions, 
are  little  better.  In  order  to  drive  the  steam 
repeatedly  through  the  wheel,  the  pressure 
must  decrease  from  step  to  step.  But  here 
is  found  a  considerable  loss  in  the  clear- 
ance with  corresponding  loss  in  efficiency. 

The  turbine  of  Hanssen,  1870,  is  again 
a  many  -  stage  reaction  motor  with  axial 
peripheral  admission.  Cutler  in  1879  pre- 
sents a  relatively  well-constructed  radial 
many-stage  turbine. 

De  Laval  in  1883  made  the  first  appli- 
cation of   a  steam  turbine  by 
applying    it    to   his    milk-sepa- 
rator.     In  1884  C.  A.  Parsons 
constructed  the   many-stage 
reaction    turbine    with    axial 
j  {[\\Aj         peripheral  admission,  which  is 
£  Z222z  I        kept   in    the   Kensington   Mu- 
Fig.  206a.    seum  in  London  as  an  object 
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Fig.  207. 
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of  historical  interest.      In  1890  followed  the  construction  of  radial 
peripheral  admission  turbines,  which  has  been  again  discontinued. 


Fig.  209. 

The  patents  of  Altham,  1892,  show  design  of  blades  similar  to 
the  Stumpf  construction  (Fig.  209),  and  even  make  use  of  reverse 
blades  (Figs.  209  and  209£). 


Fig.  209*. 


The  majority  of  the  older  patents  showed  lack  of  knowledge  of 
the  laws  of  steam  flow.     One  idea  especially  led  inventors  on  in 
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spite  of  constant  failure :  to  decrease  the  velocity  of  the  steam  by 
mixing  it  with  fluids  or  gases.  An  especially  instructive  experiment 
of  this  kind  was  made  by  Escher,  Wyss  &  Cie.,  who  squirted  mer- 
cury into  an  expanding  steam  jet.  The  experiment  failed,  not  con- 
sidering other  reasons,  from  the  fact  that  the  finely  divided  mercury 
mixed  with  the  condensed  steam  so  that  it  was  inseparably  mixed. 


Fig.  210. 


Fig.  210  shows  the  suggestion  of  Piquet  (1894),  in  which  a  type  of 
injector  was  to  be  used  to  unite  the  materials.  The  inventor 
recognized  that  the  mixing  took  place  chiefly  according  to  the  laws 
of  inelastic  bodies;  and  therefore,  if  the  velocity  is  to  be  decreased 
considerably,  there  must  be  a  loss  of  kinetic  energy  that  would 
amount  to  £  to  f  of  the  available  work.* 


^^^g^^^^ 


*  As  patents  are  being  taken  up  to  the  present  time  on  this  iiseless  idea,  it  is  well 
to  investigate  it  somewhat  more  closely.  The  mixing  of  fluids  must  give,  besides  the 
loss  due  to  shock,  a  poor  performance 
in  the  blade  channels,  because  the  in- 
dividual drops  of  the  "  rain  of  this 
mixture  "  must  become  separated  from 
the  steam  mass  on  account  of  the 
sharp  bending  of  its  path.  It  there- 
fore suffices  to  investigate  the  mix- 
ing of  two  similar  vapors,  which,  ac- 
cording to  Fig.  211,  are  admitted  into 
a   cylindrical     mixing    chamber  at    A 

through  the  inner  nozzle  F  with  the  cross-section  F\  and  the  outer  nozzle  with  the 
cross-section  F%.  At  the  condition  of  constant  flow  let  w\,  wo  be  the  entrance  veloci- 
ties, pQ  the  common  pressure.  After  the  eddy  currents  are  neutralized,  there  exists 
at  B  a  pressure/  and  a  velocity  w. 

F=  Fi+  F,. 


Wffi^kMfflm 


Fig.  211. 
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67.     LATEST  SUGGESTIONS. 

THE   FULLAGER    TURBINE.* 

Fidlager  replaces  the  balance  pistons  of  Parsons  by  a  few  discs 
at  the  low  pressure  end  of  the  turbine,  which  is  also  provided  with 


Cross-section  A  moves  in  the  time  dt,  so  far  as  the  outer  tube  is  concerned,  to  A' ,  in 
the  inner  tube  to  A"  \  cross-section  B  to  B' '.  On  any  given  element  dm  the  force  dP 
is  exerted  in  the  axial  direction,  so  that 

dm.  — —  =  dP  or  dm.  dw  =  dP.  dt 
dt 

and  represents  the  equation  of  flow.     The  summation 

S.dm.dw  =  dttdP (1) 

of  all  elements  in  the  enclosed  steam  mass  between  A  and  B,  expresses  the  "law  of 
momentum,"  and  gives  for 

2  dP  =  (/<\  +  F2)p0  -  Fp  =  F(p0  -p), 

while  1dm  .  dw  is  the  increase  of  velocity  in  the  time  element  dt.  The  mass  parts 
lying  between  B  and  A'  or  A"  respectively  have  equal  velocities  at  the  beginning  and 
at  the  end  of  the  occurrence  ;  therefore  between  B  and  B'  there  appears  a  momentum 
of  dM-tv,  and  between  A  and  A"  in  the  inner  tube  there  disappears  dM\W\, 
between  A  and  A"  in  the  outer  tube  there  also  disappears  dM-±w-i.  If  G\,  G*  and 
G=  G\  -f  Go  stand  for  the  weights  flowing  through  per  unit  time,  then 


and  we  have 


and  equation  1 


,„,       Gdt      „,        Gxdt      „,        Gidt 
d.V=  ;  d Mi  =     —  -  ;  dM,  -  -^~ 

g  g  g 


dm.  dw  =        \G  zv  —  {G\  w\  -f-  G->7v->)] 
A' 


Gw-(G1w1+  G2wt)  =  Fg{p0-p) (2) 

Otherwise  the  law  of  energy  gives  the  expression 

Gi  bi+A  d H  Ci  [Xi + A  S =  G  [x + A  SI  •  •  •  •  (:?) 

and  the  "  law  of  continuity  "  is 

Gv  =Fw (4) 

From  equations  2,  3  and  4,  we  can  determine/,  v,  w  of  the  condition  at  B,  and 
convince  ourselves  that,  in  general,/  is  larger  thaxxpo.  We  must,  therefore,  let  the 
steam  expand  in  a  continued  conical  nozzle  to  the  initial  pressure  or  initial  tempera- 
ture in  order  to  compare  the  kinetic  energy  before  and  after  mixing.  The  calculation 
proves  the  above  statement  regarding  the  loss  of  energy,  which  can  also  be  seen  from 
the  remark  that  equation  2,  if  we  place  the  right  side  =  0,  expresses  the  law  of  ine- 
lastic shock. 

In  the  first  edition  of  this  book,  the  flow  was  taken  as  bent,  also  with  the  im- 
portant assumption,  F=  F\  +  F>;  still,  it  is  simpler  and  stronger  to  assume  the 
mixing  space  cylindrical,  as  here  done. 


*  Swiss  patent  No.  24  039,  April,  1901.  As  Fullager  took  out  other  patents  in 
common  with  Parsons,  we  may  consider  these  turbines  as  belonging  to  the  Parsons 
sphere  of  interest. 
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labyrinth  packing.  It  is  identical  with  the  Parsons  construction 
in  all  other  points  (Fig.  212).  The  pressure  of  the  entering  live 
steam  at  A  on  the  face  area  of  the  first  drum  is  balanced  by- 
admit  ting  live   steam  through  channel  a   to  a   steam-tight  space, 


Fig.  212. 


kept  tight  by  the  labyrinth  ring  ax ,  at  the  right  end  of  the  turbine. 
The  same  is  true  for  the  second  drum  through  channel  b  and  laby- 
rinth, ring  frl9  and  for  the  others  through  c,  clt 
and  d,  dx.     If  there  is  leakage  at  any  one  place, 
the  escaped  steam  can  perform  useful  work  in 
the  next  division  of  the  turbine.      These  con- 
structions  greatly  shorten  the  length    of    the 
turbine,  but  have  the  disadvantage  that  steam- 
tightness  takes  place    in    the  cylindrical  face 
surfaces  at  x  (Fig.  212a),  therefore  the  original 
position  of  the  shaft  must  be  absolutely  main- 
tained.    Of  course  we  could  make  the  steam- 
tight  contact  at  y,  that  is,  allow  here  a  very 
small  clearance,  but  we  must  place  the  thrust-bearing  on  the  right 
side. 


Fig.  212a. 


THE    SCHEME   OF   DOLDER.* 

Bolder  suggested  a  scheme  which  is  similar  to  that  of  Ltnd- 
marky  and  depends  on  the  retransformation  of  kinetic  into  potential 
energy.  The  highly  superheated  pressure  shall,  for  instance, 
expand  in  a  nozzle  to  the  condenser  pressure,  but  shall  give  up  in 
the  rotating  wheel  only  a  part  of  the  flow  energy.     The  turbine 


*  Schweiz.  Bauzeitung,  Jan.,  1904. 
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shall  therefore  run  slow,   on  the  one  hand,  and   have  large  exit 
angles  on  the  other.     The  steam  flowing  out  is  deprived  of  some 

of  its  quantity  of  heat  in  a  cooling 
chamber,  but  its  kinetic  energy  is 
not  destroyed.  From  here  on  it 
is  compressed  in  a  nozzle  to  the 
initial  pressure  by  its  own  kinetic 
energy.  In  Fig.  213  (to  no  defi- 
nite scale)  is  represented  the 
entropy  diagram  of  this  occur- 
rence, with  the  assumption  of 
frictionless  flow.  Al  A2  is  the  adia- 
batic  expansion;  at  condenser 
pressure  p2i  the  quantity  of  heat  taken  away  must  be 


A2A0B0B2=Q 


2* 


so  that  in  condition  B2  the  existing  kinetic  energy  of  the  steam  is 
sufficient  to  compress  it  to  px .  To  accomplish  this,  according  to 
what  has  already  been  given,  it  is  necessary  that  the  kinetic  energy 
in  heat  units  must  equal  the  area 

CDB1B2  =  Qa. 

The  original  kinetic  energy  at  the  entrance  to  the  wheel  is  equal 
to  the  area  C D  Bx  A1  A2  C,  and  it  follows  that  this  process  has 
changed  the  area 

B1A1A2B2B1^Qi 


into  indicated  work. 

This  theoretically  interesting  idea,  which  does  away  with  an  air 
pump,  and  if  we  move  Bx  to  EY  would  insure  a  good  efficiency, 
raises  an  objection,  that  the  flow  in  practice  occurs  with  resistances 
which  absorb  the  kinetic  force,  so  that  B2  is  moved  to  the  left ; 
that  is,  more  heat  must  be  taken  away  than  was  assumed  above. 
Hereby  the  efficiency  would  be  greatly  decreased,  for  purely  theo- 
retical reasons.  Of  more  importance  is  the  question,  as  seen  from 
our  experiments,  whether,  be  it  in  either  converging  or  in  the' 
diverging  nozzle,  such  considerable  compressions  as  are  here  de- 
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manded  can  by  any  means  be  reached.  The  deciding  objection  is, 
finally,  that  the  steam  while  its  heat  is  being  taken  away  will  only 
condense  locally  against  the  cooling  surfaces,  and  these  condensed 
parts  will  lose  practically  all  their  velocity.  The  steam  (not  wet 
enough)  remaining  behind  is  not  capable  even  with  frictionless  flow 
of  compressing  from  B2  to  Bx;  because  the  entire  moisture  of  the 
steam  corresponding  to  condition  B2  must  flow  along  with  the 
steam  with  equal  velocity  in  microscopically  fine  divisions.  Even 
if  we  confine  ourselves  to  the  territory  of  pure  superheat,  — that  is, 
move  B2  to  the  curve  of  constant  steam  weight,  in  which  the  effi- 
ciency would  become  still  higher,  —  condensed  steam  would  form 
against  the  cooling  surfaces.  For  these  reasons,  I  consider  this 
scheme  practically,  entirely  unfeasible. 


THE  C.  A.  PARSONS  DOUBLE-MOTION  TURBINE. 

In  the  English  patent  No.  6  142,  year  1902,  Parsons  describes 
an  impulse  turbine,  in  which  the  nozzles  are  arranged  at  the  cir- 
cumference of  a  hollow  wheel,  and  receive  an  equally  large  but 
opposite  peripheral  velocity  to  the  rotating  wheel.  The  effect  is 
the  same  as  though  the  nozzles  were  at  rest,  and  the  rotating  wheel 
turned  with  double  the  absolute  velocity,  because  the  relative  mo- 
tion depends  only  upon  the  relative  velocity  of  the  nozzle  and  rotat- 
ing wheel.  We  must,  of  course,  subtract  the  consumption  of  work 
necessary  to  accelerate  the  steam  particles  to  the  peripheral  veloc- 
ity, and  obtain  a  very  little  smaller  exit  velocity  than  with  nozzles 
at  rest.  The  advantage  of  this  arrangement  consists,  therefore,  in 
decreasing  the  revolutions  to  one-half  (with  diameters  remaining 
equal),  but  has  the  disadvantage  of  complicating  a  shaft  division, 
double  construction  of  the  dynamo,  and  doubling  the  stuffing  boxes 
against  the  full  pressure  at  the  steam  entrance. 

According  to  reports  in  English  technical  journals  ("  Engineer- 
ing," 1903),  English  manufacturers  were  going  to  apply  this  double 
motion  to  their  many  stage  turbine,  by  allowing  the  casing  to  rotate 
in  the  opposite  direction.  The  difficulty  in  guarding  against  steam 
leakage  and  of  utilizing  the  power  makes  this  idea  appear  as  an 
experiment  that  has  entirely  failed. 

Brady    applied    the    double-motion    to    the   few    stage    radial 
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turbines,  where  its  impracticability  may  be  seen  from  the  suggested 
blade  construction. 

Here  also  may  be  mentioned  an  English  patent  of  the  Siemans- 
ScJiuckert  Works,  who  proposed  alternating  current  dynamos  con. 
nected  in  parallel  for  the  above  described  type  of  double-motion 
turbines,  in  which  the  division  of  power  of  the  parallel  working 
alternators  automatically  tends  to  preserve  uniformity  of  revo- 
lutions. 

THE  PARALLEL  CONNECTING  ALTERNATORS  OF  PARSONS  TURBINE. 

According  to  the  English  patent  No.  19  031,  1902,  Parsons 
attempts  to  make  the  intermittent  steam  admission,  characteristic 
of  his  turbines,  synchronous  with  all  motors  in  a  parallel-connected 
group.  We  could  derive  from  this,  that  with  non-synchronous 
admission,  difficulties  may  arise  ;  still,  other  observers  state  (for  in- 
stance, the  Electrical  Works  at  Frankfort),  that  the  steam  turbine 
can  be  instantly  connected  in  parallel  with  any  given  reciprocating 
engine. 

THE   TURBINE   OF   NADROWSKI. 

Nadrowski  uses,  according  to  German  patent  No.  137  586,  for 
regulating  the  admission  of  a  radial  turbine,  the  rotating  body 
shown  in  Fig.  214,  that  may  be  moved  axially 
and  has  a  profile  so  constructed  that  the 
ratio  of  the  cross-section  Fm  at  the  narrowest 
place  to  the  end  cross-section  F2  remains  con- 
stant. This  widening  space  of  ring  form,  act- 
ing as  a  "nozzle,"  allows  the  steam  to  expand 
constantly  to  the  same  final  pressure,  and  we 
Fig.  214.  get  a  "  quantity  "  regulation.      Unfortunately, 

this  ring  nozzle,  applied  practically,  does  not 
permit  a  sufficiently  high  peripheral  velocity  if  we  do  not  wish  to 
reduce  the  clearance  space  to  a  fraction  of  a  millimeter. 


The  immense  number  of  constructions  that  have  failed  entirely, 
and  above  all,  those  that  appear  in  the  patent  literature,  cannot 
be  entered  into  now,  in  spite  of  the  fact  that  a  knowledge  of  these 
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failures  would  undoubtedly  save  the  beginner  much  useless  inven- 
tive labor.  All  in  all,  it  is  not  too  emphatic  a  statement  to  say 
that  there  is  hardly  to  be  expected  a  greater  number  of  misconcep. 
tions  than  already  exist  in  steam  turbine  construction. 

68.    THE   MARINE   STEAM   TURBINE. 

The  chief  advantage  which  is  derived  from  the  application  of 
the  steam  turbine  to  marine  purposes,  not  considering  the  points 
that  would  apply  also  to  turbines  used  on  land,  is  the  following : 
non-existence  of  vibration  and  economy  of  space.  The  economy 
of  weight  is  also,  according  to  the  type  of  the  turbine  system,  of 
more  or  less  importance.  Against  these  advantages  are  also  dis- 
advantages ;  above  all,  the  impossibility  of  simply  reversing,  which 
forces  us  to  install  an  especial  reversing  turbine  that  runs  empty 
when  the  vessel  is  moving  forwards.  It  is  then  allowed  to  run  in 
vacuum  to  decrease  the  losses  due  to  friction.  Even  if  the  econ- 
omy of  this  turbine  is  of  secondary  importance,  still,  it  should  de- 
velop the  full  power  for  running  backwards  with  the  available 
boilers.  Of  course  this  demand  will  be  made  only  in  case  of 
necessity  (danger  of  collision),  but  for  this  it  is  all  the  more  useful. 
The  second  important  disadvantage  is  the  great  number  of  revolu- 
tions, which  give  the  ship's  propeller  a  too  large  peripheral  velocity, 
causing  the  formation  of  hollow  spaces,  the  so-called  "  cavities,"  and 
thereby  favoring  the  creation  of  eddy  currents.  Parsons  is  to  be 
thanked  for  valuable  experiments  with  marine  turbines,  and  his  tur- 
bines are  until  now  the  cnly  ones  that  have  been  successfully  applied 
in  ship-building.  Parsons  divides  the  turbine  into  several  parts  driving 
special  propellers,  and  connects  them  in  "series"  or  "parallel."  The 
question  whether  one,  two  or  three  small  propellers  are  to  be  placed 
on  a  shaft,  and  especially  the  determination  of  the  most  favorable 
propeller  dimensions,  belongs  to  ship-building.  We  shall  confine 
ourselves  to  the  following  remarks  of  interest  to  the  turbine  con- 
structor. The  experiments  of  Parsons  led  to  the  general  decrease 
of  the  number  of  revolutions  ;  in  fact,  to  about  500  to  1  000  per 
minute.  It  is  obvious  that  the  peripheral  velocity  of  the  turbine 
is  correspondingly  decreased  at  such  low  number  of  revolutions,  as 
otherwise  the  drum  would  be  too  large  and  the  blades  too  short. 
The  steam  velocity  would  advantageously  be  made  low,  and  we  get 
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as  a  further  result  (for  several  reasons)  a  considerable  increase  in 
the  number  of  stages.  If  the  steam  friction  (under  otherwise 
equal  conditions)  depends  only  on  the  square  of  the  velocity  and 
the  length  of  path,  the  economy  would  not  decrease  in  spite  of 
a  longer  steam  path.  According  to  reports  of  Parsons  in  English 
technical  journals,  it  seems  that  the  consumption  per  effective 
horse  power  is  over  7  kilograms  (15i  pounds)  per  hour,  and -would 

point  to  the  fact  that  the  split- 
ting up  of  the  steam  by  the  face 
surfaces  of  the  blades  forms  the 
chief  part  of  the  resistances. 

Special  difficulties  are 
brought  up  for  the  case  of  war 
vessels  running  at  reduced  speed, 
because  here  also  the  number 
of  revolutions  of  the  screw  de- 
creases ;  hence  the  steam  con- 
sumption increases.  Grauert  in 
"  Marine-Rundschau,"  1904,  p. 
44,  gives  quantitative  results  con- 
cerning this  and  are  reproduced 
in  Fig.  215.  With  a  load  of  4  500 
h.  p.  the  steam  consumption 
of  the  Parsons  marine  turbine 
increases  31  per  cent  in  going 
from  580  to  380  revolutions. 
With  1  500  h.  p.  this  difference  is  only  21  per  cent ;  still,  the  steam 
consumption  is  in  itself  greater.  If  we  estimate  the  quantity  of 
steam  per  hour  as  7.2  kilograms  (15.9  pounds)  per  horse  power  at 
4  500  h.  p.  and  580  r.  p.  m.,  then  according  to  Fig.  215  there  would 
be  a  consumption  of  9.4  kilograms  (20.7  pounds)  per  h.  p.  at  4  500 
h.  p.  and  380  r.  p.m.;  further,  19.4  kilograms  (42.7  pounds)  per 
h.  p.  at  1  500  h.  p.  and  580  r.  p.  m.  ;  and  23.3  kilograms  (51.3 
pounds)  per  h.  p.  at  1  500  h.  p.  and  380  r.  p.  m. 

It  is  now  of  great  importance  to  consider  means  of  partially 
doing  away  with  the  increase  of  steam  consumption  which  also 
exists  with  the  reciprocating  engine.  As  an  example  to  show  in 
which  direction  the  inventor's  energy  is  being  exerted,  we  shall 
quote  from  the  English  patent  No.  8  378,  — 1901,  of  R.  Schidz  (Fig. 


400  500 

— >-  Rev. per  Min. 

Fig.  215. 


THE   MARINE  STEAM   TURBINE. 


315 


216).  The  chief  thought  of  the  inventor  is,  to  divide  the  turbine 
into  several  parts,  or,  what  is  the  same  thing,  to  construct  it  of  sev- 
eral single  turbines,  which  are  capable  of  working  either  individu- 
ally or  in  groups,  and  also  either  in  series  or  parallel.  If  the 
number  of  revolutions,  also  the  peripheral  velocity,  is  small,  the 
turbine  is  connected  in  series  in  order  to  get  a  large  number  of 
stages,  and  thereby  obtain  a  good  utilization  of  the  steam  ;  but  if 
the  highest  power  is  to  be  obtained,  we  use  the  single  turbines 
in  parallel  and  get  satisfactory  utilization  of  steam  while  the  peri- 


For  running  turbine 
backwards 


To  Condenser 


Fig.  216. 


pheral  velocity  remains  high.  The  patent  of  Schulz  suggests  four 
turbine  divisions  (I  to  IV)  through  which  the  steam  can  be  led 
by  the  pipe  Lx  and  the  valves  A,  B,  C,  D.  Pipes  U  take  care  of  the 
overflow  from  one  turbine  to  another ;  L"  leads  to  the  condenser. 
The  flow  in  I,  II,  and  III,  is  from  left  to  right ;  in  IV  the  reverse. 
The  propeller  thrust  is  balanced  by  the  excess  of  steam  pressure 
on  the  face  area  of  the  large  turbine,  No.  IV.  The  reversing  tur- 
bine is  on  the  left  end,  and  has  its  own  steam  pipe. 

Schulz  mentions  the  following  turbine  combinations  : 
1.    Lowest  power,  smallest  number  of  revolutions  :  all  turbines  con- 
nected in  series.     The  steam  enters  at  D,  flows  through 
L{  to  turbine  II,  through  L{  past  valve Elt  to  turbine  III, 
through  LI  to  turbine  IV,  and  from  there  to  the  condenser. 
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2.  Next  higher  power,  larger  number  of  revolutions:  turbine  I  is 

cut  off  by  valves  D  and  Ex,  the  steam  enters  at  C  to  tur- 
bine II,  flows  through  this  and  then  through  III  and  IV. 

3.  Next  higher  power :  turbines  I  and  II  are  cut  off,  III  and  IV 

connected  in  series. 

4.  Next  higher  power  :  turbines  III  and  IV  in  series  as  before ; 

and  to  increase  the  power,  turbines  I  and  III  are  con- 
nected in  parallel ;  that  is,  live  steam  enters  through  B  in 
turbine  III  and  also  through  D  in  turbine  I  and  is  led 
from  the  latter  through  L{ ,  L{  ,  and  valve  F2  direct  to 
turbine  IV.  Ex  and  Fx  are  valves  suitably  constructed  to 
enable  the  entire  turbine  II  to  be  cut  out  so  that  the  form- 
erly used  entrance  to  turbine  III  may  be  used. 

5.  For  the  higher  powers,  turbine  II,  and  finally  I  and  II,  are  con- 

nected in  parallel  with  III,  and  IV  is  used  as  a  low  press- 
ure unit. 

There  is  no  doubt  but  that  this  large  number  of  combinations 
is  superfluous  in  practice,  but  the  result  was  worthy  of  endeavor. 

Nevertheless,  the  design  of  a  marine  turbine  of  this  type,  for 
the  best  steam  utilization  under  the  above  mentioned  manifold 
conditions,  and  with  a  resulting  axial  pressure  that  is  constantly 
equal  to  the  propeller  thrust,  forms  an  exceedingly  interesting 
problem  in  design.  It  is  evident  that  the  blade  angles  would  not 
suit  equally  well  all  these  combinations.  The  uniformity  of  the 
power  parabolas  of  the  Laval  turbine,  shown  on  page  99,  permits 
us  to  state  that  the  shock  that  would  occur  by  having  unsuitable 
peripheral  velocity  at  the  entrance  to  the  rotating  wheel  would 
cause  no  considerable  losses.  According  to  the  curves  of  the 
Parsons  turbine  (Fig.  215),  the  most  favorable  peripheral  velocity 
decreases  only  slightly  with  decreasing  power.  The  experiments  of 
ScJiulz  (Fig.  194)  show,  on  the  other  hand,  a  depression  in  the 
power  curve,  with  small  power  and  small  steam  velocity,  which  points 
to  increased  losses  on  account  of  the  excessive  peripheral  velocity. 
We  must,  therefore,  on  the  one  hand,  by  a  series  of  progressive 
trials,  find  the  corresponding  number  of  revolutions  for  a  certain 
power  ;  on  the  other  hand,  determine  the  power  parabolas  for  the 
given  turbine  system  in  order  to  decide  which  mean  value  of  the 
velocities  has  the  advantage  of  entrance  without  shock,  with  which 
the  blade  angles  must  then  agree. 
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Peculiar  is  the  suggestion  of  Stump/,  that  a  double-motion 
turbine  be  constructed  with  peripheral  admission  on  both  sides 
(Fig.  217),  and  the  power  of  both  wheels  made 
equal.  The  power  of  the  first  wheel  should  be  trans- 
mitted by  means  of  a  solid,  and  that  of  the  second 
by  means  of  a  hollow  shaft,  to  a  propeller.  The 
nozzles  A'  and  B'  must  follow  one  another  at  such 
distances  that  the  steam  from  either  the  right  or  the  Fig.  217. 
left  can  exhaust  freely.  The  objections  to  this  idea 
are  that  if  two  conjugate  wheels  are  used,  the  entrance  to  the 
temporarily  second  wheel  is  accompanied  by  shock.  If  the  blades 
are  correctly  constructed  for  the  one  nozzle  system,  then  they  are 
unfavorable  for  the  other.  According  to  Riedler  s  previously  men- 
tioned paper,  the  opposite  running  wheels  are  constructed  as  axial 
turbines,  each  with  a  special  blade  rim  ;  but  in  this  the  power  of 
the  second  wheel  must  be  considerably  smaller  than  that  of  the 
first.  Grauert  also  states,  that  the  arrangement  with  a  hollow 
shaft  was  suggested  by  the  German  navy,  but  was  abandoned  on 
account  of  difficulties  of  construction.  The  opposite  rotation  of 
the  screw  has,  on  the  other  hand,  as  Riedler  correctly  mentions, 
the  advantage  that  the  turning  motion  given  to  the  water  by  the 
first  screw  is  neutralized  by  the  second,  and  therefore  gives  the 
propeller  a  higher  efficiency. 

69.    THE   STEAM    TURBINE   AND   THE   RECIPROCATING 

ENGINE. 

A  comparison  of  both  motor  types  must  be  made  on  technical 
and  practical  grounds.  In  the  first  place,  the  turbines  of  de  Laval 
and  Parsons  look  back  upon  a  number  of  years  of  practical  use, 
during  which  time  they  in  general  successfully  stood  the  test. 
The  Parsons  turbine  especially  has  come  widely  into  use  in  recent 
years,  and  it  is  stated  that  there  is  over  one-half  million  horse-power 
in  actual  use  or  in  course  of  construction.  Among  the  machines 
are  a  large  number  of  3  000  to  5  000  h.  p.  units,  and  even  one  of 
10  000  h.  p.  The  mistrust  generally  felt  by  the  man  in  practice 
toward  a  new  innovation  seems  to  be  disappearing  ;  in  its  place 
there  is  an  increasing  tendency  in  favor  of  this  convenient  source 
of  power. 
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There  may  be  named  the  following  objections  that  might  nat- 
urally arise  and  partly  still  exist  :  the  high  number  of  revolutions 
with  the  accompanying  vibrations,  never  entirely  avoidable,  and 
the  consequent  danger  of  running  hot ;  the  delicate  and  highly 
accurate  work  of  installing  certain  parts  ;  the  rapid  wear  on  parts 
required  to  run  steam  tight  ;  the  high  material  stresses  ;  and  the 
requirement  of  exceedingly  careful  and  intelligent  attendance. 
There  was  doubt  as  to  how  long  the  high  economy  found  in  the 
new  machines  would  be  maintained,  because  the  wear  of  the  bear- 
ings, the  blade  tightness,  and  incorrect  installation  would  increase 
the  losses  due  to  leakage,  and  decrease  the  efficiency. 

Practical  experience  has  already  proved  how  groundless  were 
part  of  these  objections,  and  the  advantages  of  the  steam  turbine 
are  slowly  becoming  fully  recognized.  They  are  so  obvious  that 
they  need  not  be  explained  in  detail,  and  are  here  merely  men- 
tioned. The  smaller  number  of  moving  parts,  less  weight,  less 
space  needed,  easier  taking  apart  and  repairing,  no  necessity  of 
internal  lubrication,  excellent  regulation,  disappearance  of  stresses 
due  to  unsymmetrical  heating,  suitability  for  highest  superheating, 
quick  starting,  uniform  speed,  ease  of  running  in  parallel,  etc. 

To  compare  the  use  of  both  motors  practically,  we  shall  recal- 
culate the  above  given  consumption  figures  of  the  h.p.?  hour  of  a 
turbine,  with  the  figures  of  a  reciprocation  engine  of  the  same 
power.  For  the  Parsons  turbine  we  have,  according  to  the  experi- 
ments of  Stoncy,  Sc/iroter,  IVesting/touse,  and  the  Electrical  Works 
in  Frankfort,  the  following  table  : 


Power 

Kw. 

24.7 

52.7 

108.5 

123.0 

119.0 

226 

507 

1190 

1998 

2995 

Superheat 

C.° 

30.0 

46.7 

32.2 

36.7 

10.2 

23.2 

126.6 

Superheat 

F.° 

54.0 

84.1 

59-° 

66.1 

18.4 

41.8 

236.9 

Assumed  Efficiency  of  the 

Dynamo 

0.85 

0.87 

0.87 

0.87 

0.87 

0.92  0. 

0.92 

0.93 

0.93 

Assumed  Efficiency  of  the 

Reciprocating  Engine  of 

equal  power     .... 

0.85 

0.87 

0.87 

0.87 

0.87 

0.92 

0.92 

0.94 

0.94 

0.94 

Steam  Consumption  of  the 

Turbine  per  Kw.  Hour    . 

Kg. 

13.06 

12.7 

12.16 

11.57 

11.02 

9.98 

9.57 

8.81 

8.67 

6.70 

Steam  Consumption  of  the 

Turbine  per  Kw.  Hour    . 

Lb. 

28.7^ 

27.9 

26.8 

25-5 

24.2 

22.0 

21.1 

19.4 

19. 1 

14.7 

Steam  Consumption  of  the 

Reciprocating  Engine  in 

h.  p./  per  Hour    .     . 

Kg- 

6.96 

7.07 

6.77 

6.44 

6.12 

6.21 

5.95 

5.60 

5.57 

4.31 

Reciprocating  Engine  in 

h  p.i per  hour 

Lb. 

15-5 

15.8 

I5-1 

14.4 

13-7 

13-9 

l3-3 

12.5 

12.4 

9.6 
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So  far  as  it  concerns  impulse  turbines,  we  refer  to  the  data 
given  in  Articles  56  to  61. 

The  figures  given  above  permit  us  to  say  that  the  steam  turbine 
working  with  moderate  superheat  has  exceeded  the  compound  recip- 
rocating engine  in  steam  economy.  All  signs  point  to  the  fact  that 
with  high  superheating,  this  comparison  will  not  change.* 

It  is  different  with  the  triple  expansion  reciprocating  engine. 
This  shows  with  smaller  powers,  up  to  1  000  kw.,  such  a  small 
steam  consumption  that  its  efficiency,  taking  also  into  considera- 
tion the  consumption  of  oil,  space  required,  etc.,  may  be  said  to 
place  it  far  in  advance  of  the  turbine.  With  very  large  powers, 
on  the  other  hand,  these  relations  are  reversed.  The  best  results 
obtained  by  Brown,  Boveri  &  Cie.,  in  Frankfort,  with  about 
3  000  kw.,  or  according  to  our  assumptions  about  4  660  indicated 
h.  p.,  gave  for  a  reciprocating  engine  of  equal  power,  without  power 
required  for  driving  the  air  pump,  4.31  kg.  per  h.p.t-  hour  (9.6  lb. 
per  English  h.  p.  hour)  ;  by  adding  1.5%  for  the  air  pump,  4.37  kg. 
per  h.  p.t  hour  (9.7  lb.  per  English  h.  p.;  hour)  or  (feed  water 
assumed  at  0°  C.  =  32°  F.)  about  3160  calories  per  h.  p.^  hour 
(12  714  B.  t.  u.  per  English  h.  p.,-  hour).  On  the  other  hand,  the 
triple  expansion  steam  engine  of  the  Berliner  Electric  Works,  f 
at  12.3  atmospheres  (180.8  lb.  per  sq.  in.)  boiler  pressure,  314°  C. 
(597.2°  F.)  temperature  of  superheat,  and  2  550  h.  p.-0  a  consump- 
tion of  40.5  kg.  (8.93  lb.)  or  about  2  930  calories  per  h.p;,  hour 
(11789  B.  t.  u.  per  English  h.  p.^  hour).  With  hardly  more  than 
one- half  the  power,  the  triple  expansion  steam  engine  has  tJierefore 
still  an  advantage  of  about  8%  of  the  steam  consumption. 

The  question  also  arises  as  to  the  difference  of  oil  consumption  ; 
no  exact  data  is  at  hand,  but  we  may  say  that  the  steam  turbine 
is  from  5  to  10%  more  economical.     If  we  take  into  consideration 


*  Lately,  according  to  the  Ze  tschrift  des  Veriens  deutscher  Ingenieure,  1903,  p. 
725,  Professor  Schroler  with  a  250  h.  p.  compound  engine  of  Van  den  Kerkhove  has 
attained  a  consumption  of  5.28  kg.  per  h.  p.j  per  hour  (11.8  lb.  per  English  h.  p.; 
per  hour)  of  saturated  steam;  with  superheated  steam  at  304.0°  C.  (580.3°  F.)  a  con- 
sumption of  4.31  kg.  (9.61b.) ;  or,  a  consumption  of  heat  of  3  490  and  3  108  calories 
per  h.p.j  hour  (14  042.1  and  12  505.2  B.  t.u.  per  English  h.  p.*  hour)  respec- 
tively. For  this  machine  the  above  statement  does  not  hold,  and  we  must  wait  to  see 
how  long  this  low  consumption  figure,  not  hitherto  reached,  will  stand,  and  also 
whether  it  can  be  reached  with  other  reciprocating  engine  types. 

t  Zeitschr.  d.  Ver.  deutsch.  Ing.,  1902,  p.  187. 
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the  care,  and  with  horizontal  machines  the  space  required  and  the 
cost  of  foundation,  the  greater  economy  will  be  found  on  the  side 
of  the  steam  turbine. 

In  very  numerous  installations,  the  machine  is  not  constantly 
at  full  load,  so  there  is    an  important  question  to  be  answered 
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hozv  much  tJie  steam  consumption  changes  with  the  reciprocatiiig 
engine  and  tJie  steam  turbine  at  over  or  under  load.  The  relation 
is  best  seen  by  comparing,  not  the  absolute  values,  but  the  changes 
in  per  cent.  As  the  idea  of  normal  load  is  not  sufficiently  definite, 
there  is  given  in  the  graphical  representation,  Fig.  218,  the  most 
favorable  steam  consumption   (per  kw.  hour)  ;    and  that    load    at 
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which  it  occurs  is  taken  at  unity.  As  abscissas  we  take  the  ratio 
of  the  actual  power  to  the  just  defined  "normal  load;"  as  ordi- 
nates,  the  increase  of  steam  consumption  per  kw.  hour  from  the 
lowest  value,  in  per  cent,  of  the  latter.  The  comparison  in  this 
form  is  entirely  free  from  objections,  as  there  exists  no  general 
agreement  in  regard  to  the  value  of  the  overload  that  can  be 
demanded  of  a  steam  motor  ;  on  the  other  hand,  it  may  represent 
the  correct  standard  for  the  steam  turbine,  because  it  is  forced,  on 
account  of  economy,  to  work  so  that  the  normal  load  is  reached  at 
full  admission  pressure  at  entrance  to  the  first  guide  wheel.  The 
overload  must  be  taken  care  of  by  an  overload  valve  of  any  type. 
Fortunately,  experiments  are  at  hand  with  a  Westinghouse-Parsons 
turbine,  that  works  with  an  overload  valve.  The  British  Thomson- 
Houston  Co.  also  give  results  of  experiments  where  the  turbine 
was  loaded  throughout  the  entire  limits  of  favorable  steam  consump- 
tion. 

In  the  few  stage  impulse  turbine  with  only  a  few  wheels,  live 
steam  is  admitted  to  the  first  wheel  at  overload  through  opening' 
nozzles  or  guide  blades.  As  the  guide  apparatus  leading  to  the 
second  wheel  retains  its  cross-section,  a  back  pressure  occurs  in 
the  first  chamber,  and  therefore  a  less  favorable  working  than  at 
normal  load,  which  holds  good  for  all  velocities  and  blade  angles. 
Still,  the  gain  is  greater  than  if  steam  were  introduced  into  a  lower 
stage. 

The  following  may  be  said  in  explanation  of  Fig.  218: 

Curve    C  refers    to    a   Curtis   turbine    of    500    kw.   rated    power, 

according  to  "Engineering,"  1904,  I.,  p.  182. 
Curve  R-S  refers  to  a  Riedler-Stumpf  turbine  in  Moabit,  according 

to  p.  193  of  the  source  referred  to. 
Curve  vS*  represents  the  normal   change  of  steam  consumption  of  a 

triple  expansion  steam  engine,  according  to  reports  of 

Sulzer-Winterthur  Bros. 
Curve  R  represents  a  Rateau  turbine,  according  to  experiments  on 

p.  266-267. 
Curve  Z  represents  the  Zolly  turbine,  according  to  experiments  on 

p.  242-243. 
Curve   W7  stands  for  the  consumption  of  a  Westinghouse  turbine  of 

1250  kw.  rated  power,  according  to  "Power,"  1904,  p. 

130. 
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Curve  BY  refers    to   a    Brown-Boveri-Parsons  turbine  of  400  kw. 

power,   of    old    design,    according  to  Zeitschr.  d.    Ver. 

deutsch.  Ing.,  1904,  p.  120. 
Curve  B2  refers  to  the  same,  but  of  a  newer  and  larger  design, 

according  to  the  firm's  reports. 

The  figure  permits  the  determination  that  the  two  first  named, 
between  70  and  100%  of  normal  load,  are  identical  with  the  steam 
engine,  and  are  outdone  at  smaller  powers.  The  remainder,  with 
the  exception  of  very  small  powers,  are  less  favorable.  The  over- 
load with  the  Westinghouse  turbine  is  very  much  less  favorable 
than  with  the  reciprocating  engine  ;  but  with  the  Curtis,  again, 
very  much  more  favorable.  The  advantage  over  the  reciprocating 
engine  therefore,  and  also  the  character  of  the  steam  consumption 
curve  at  various  powers,  is  doubtful. 

The  choice  between  turbine  and  reciprocating  engine  depends, 
therefore,  considerably  on  the  degree  of  reliance  which  the  pur- 
chaser places  in  the  safety  of  operation  of  the  two  motor  types. 


A   FEW  SPECIAL   PROBLEMS  OF 

STEAM   TURBINE    THEORY 

AND    CONSTRUCTION. 


70.    DISTRIBUTION  OF  PRESSURE  IN  A   CROSS-SECTION  OF 
AN  EXPANDING  GAS  OR  STEAM  JET. 

It  was  stated  in  Article  16  that  taking  the  pressure,  density 
and  velocity  in  a  cross-section  at  constant  value,  is  only  a  first 
approximation.  The  difference  between  this  approximation  and  the 
true  value  will  be  considerable  in  sharp  bends,  and  it  is  of  practical 
importance  to  get  quantitative  results  concerning  this.  With  cer- 
tain simple  assumptions,  it  is  possible,  in  fact,  to  give  integrals  for 
the  general  hydrodynamic  laws  of  flow  for  elastic  fluids,  as  shall 
here  be  given. 

We  shall  assume  that  with  frictionless  flow  of  an  elastic  fluid, 
referred  to  a  fixed  plane,  there  are  parallel  stream  courses.  If  x,  y 
are  rectilinear  coordinates  in  this  plane,  ?/,  v  the  velocity  compo- 
nents parallel  to  x  and y  respectively,/  the  pressure,  yu,  the  mass  per 
unit  volume,  then  the  well-known  Eider  s  formulae  of  flow  are,  if 
the  mass-forces  are  neglected, 


du  _  Bp^ 

dt  hx 

dv  Bp 

dt  By 


(i) 


The  law  of  continuity  for  normal  condition,  that  is,  steady  flow, 
may  be  expressed  as 

^  +  ^-0 (2) 

ox  by 
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Multiplying  equation  1  by  udt  or  vdt,  respectively,  we  also  get 
after  addition  and  determined  integration,  an  equation  for  steady 
flow, 

I  02  +  v2)  +    /  —  =  constant      ....     (3) 

In  this  formula  u2  +  v2  is  the  square  of  the  resultant  velocity. 
The  flow  occurs  without  "  rotation  "  of  the  fluid  particles ;  there 
exists,  therefore,  the  so-called  velocity  potential;  that  is,  a  function 
<f>(xy)  of  the  property  that  is, 

y 


u  =  ^      v  =  t". ^ 


The  relation  between  pressure  and  specific  mass  shall  be  ex- 
pressed by  the  equation, 

p  =  a2fi (5) 

or,  if  v  represents  the  specific  volumes  (in  the  meaning  as  used 

7  1 

until  now),  \i  =  -  =  — — ,  also, 

g      V  8 

p  v'  =  — (5a) 

g 

It  shall  be  assumed,  for  simplicity,  that  the  change  of  condition 

of  gases  occurs  isothermally,  because  any  other  assumption  would 

lead    to  insurmountable   difficulties.      With  vapors,   the  adiabatic 

law  would  be  a  closer  assumption.     The  solution  of  equation  5a 

gives 

a  =  Vg  p  v' (5b) 

and  shows  that  a  is  the  acoustic  velocity  of  the  isothermal  change 
of  condition.  Equations  2  to  5  now  permit  the  elimination  of  u,  v, 
p,  fju,  and  allow  <£  to  be  determined.  To  accomplish  this,  take  p 
from  equation  5  and  place  it  in  equation  3,  giving 


-j-  a  nat.  log  /j, 


=  constant (3a) 

But  equation  2  reads 

ox  by  ox  0  y 
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or,  by  dividing  by  ft,  and  allowing 

u  8/jl  8  nat.  log  jjl 

fM  8x  8  x 

then 

^A  +  ^A  _j_  *A  ^  nat.  log /x      8J>  8  nat.  log  g  =  Q 
5^r25^y28^-  S  #  S  y  S  y 

Solve  equation  3#  in  terms  of  nat.  log  /*,  and  place  the  partial 
derivatives  according  to  x  and/  in  equation  2a.     This  gives 


8  y2       a2WJ  ^.'V'2  S  x  8  y  8 x 8 y       \8  y)   8  y2  J 


The  value  a,  referred  to  the  above  dimensions,  may,  as  can 
readily  be  proved,  be  eliminated  by  taking 

<f)  =  a  ijr (6a) 

If  now  the  derivatives  with  respect  to  x  and  y  be  denoted  by 
the  subscripts  1  and  2,  the  differential  equation  reads  : 

*i,  +  ^22  -  [+ 12  f  n  +  2  f ,  t,,  f  12  +  f  22  ^22]  =  0  .     .  (66) 

Professor  A.  Hirsch  of  Zurich  has  taken  the  trouble  to  derive 
methods  for  the  integration  of  this  quite  complicated  equation,  and 
found,  among  others,  the  following  results : 

Let  n  be  any  positive  whole  number  >  1,  /and  q  two  independ- 
ent parameters,  their  functions  x,  y  as  well  as  the  solution  of  i/r, 
are  to  be  represented  in  common.     With  the  designations 

__  n  (n  -  1) 

2 

AT  (AT  -  1)    (N  -  2)  .  .  .  (N  -  k  +  1) 
^*" 1-2-3     ...* " 

we  write  the  function  Nth  degree,  as 


F(t)  =  %(-l)*Ni 


k=0 


(n  +  k)\2k 
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and  its  derivative, 

Further,  the  functions  Pn  and  Qn  are  denned  by  the  equation 

(p+qi)"  =  Pn+  iQn, 

in  which  i  represents  —1  ;  then  the  solution  of  the  equation  6b 
can  be  expressed  as  follows  : 

x  =  n  [aPu_2  +  b  Qn_2]  F(t)  +  2p  [a  Pn  +  bQn]  F'(t) 

y  =  n[-a  Qn_t  +  b  P„_d  F(/)  +  2  g  [a  P„  +  6  Q  J  **(*) 

f  =  K  +  J  Q J  [(»  -  1)  F(t)  +  2  /  P'(/)], 

in  which  a,  b  represent  arbitrary  constants.  O  =  constant,  is  the 
equation  of  the  orthogonal  trajectories  of  the  function  of  ^  ;  that  is, 
the  stream  lines  of  our  problem  can  be  represented  in  general,  and 

O  =  [-  aQ„  +  bP„]  [~n{n-  1)  F(l)  +  2tF'(t)]  e~i' 

If  the  above  solutions  are  designated  more  exactly,  by  reason 
of  their  connection  to  the  number  n,  as  xn ,  yn ,  yfrn ,  then  two  solutions 
belonging  to  m  and  n  can  be  superimposed,  so  that 

X  =  xm  ~r  Xn 

y  =  y>u  +  yn 

f  =  ^m  +  fa 

and  similarly  for  any  number  of  solutions. 

The  simplest  form  is  obtained  for  n  =  2  and  b  =  0,  and  this  can  . 
be  solved  in  a  manner  originally  tried  by  the  author,  as  follows  : 

Place  for  trial, 

f  =  U  +  V (7) 

in  which  U  is  a  function  of  x  only,  and  V  of  y  only.  The  deriva- 
tives of  U with  respect  to  x,  and  of  V  with  respect  to  y,  are  desig- 
nated by  accents,  and  we  have 

fi=U',        f2=V,        fn=*7",        ti2=0,       ^22=F", 


DISTRIBUTION   OF  PRESSURE  IN   CROSS-SECTION   OF   JET.       327 

and  after  placing  these  in  equation  6£,  we  have 

U"  (U'2-l)  +  V"  (F'2-1)  =  0, 

which  designation  can  only  stand  for  all  values  of  x  and  y  when 
both  expressions  are  constant,  and  equal  but  opposite  in  sign ; 
that  is, 

V"  (U'2  -  1)  =  a,         V"  (V  2  -  1)  =  -  a     .     .     (8) 

The  integration*   can  be  performed   if,  for  instance,  the  first 
equation  is  multiplied  by  2  U'  and  written  as  follows  : 


(Uf2-1)  ~  {Uf2)  =  2aU' 
ax 


or 


(U'2-1)^-(U'2-  l)  =  2a 


dU 


dxK  dx 

from  which,  by  immediate  integration,  we  have 
1 


(U'2-l)2  =  2aU 


(9) 


(10) 


The  constants  can  be  omitted,  as  also  -v/r  need  only  to  be  given 
correctly  so  far  as  a  constant. 

Let    Uf  be  designated  by  f,  then  equation  9  can   be  written  in 
the  form 

(£»  -  1)  dg  =  a  dx 
and  integrated, 

v 


(?-«)« 


(10a) 


From  equations  10  and  lO^z  we  now  have  a  parameter  represen 
tation  of  U  as  a  function  of  x> 


6a 


C/  =  A(p_i 


(11) 


*  I  am  thankful  to  Professor  Hirsch  for  the  correction  of  mistake  originally  made 
here  by  myself. 
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in  which  is  possible  a  solution  of  the  above  equation  with  respect  to 
f,  placing  it  in  the  formula  for  U  ;  but  it  is  not  to  be  recommended. 
In  like  manner,  we  obtain  (by  transposing  +a  with  —  a)  when  V=rj, 


1      ,     2  Ox         I 

y  =  -  Q-  (v  -  «>)  v\ 

V  =  -  i  (^2  -  l)2 

4  a 


(12) 


and  here  is  also 

^a^aCcT+F) (13) 

The  next  problem  is  the  finding  of  the   stream  lines  as  the  or- 
thogonal trajectories  to  the  curves  of  constant  potential. 

The  tangents   to   the   angle  of  slope  of  a   curve  of   constant 
potential  c/>  (xy)  =  constant,  is 

8<j> 

$  x 
tan  T  =  -  T+ 

&  y 

The  tangents  at  the   same  point  of  the  stream  line  have  an 
angle  of  slope  r',  for  which 

tan  r'  =  ^ 
dxl 

in  which  x ,  yx  are  the  coordinates  of  the  stream  line,  and  the  con- 
dition of  their  being  at  right  angles  to  one  another,  demands 

tan  r  •  tan  t'  =  -  1 (14) 

We  are  now  dealing  with  mean  functions,  and  for  brevity,  let 

•     •     •     •  (14«) 
f/=-F(?),        7=G(ij)J 
We  have  next  8  £/ 

Tx 
tanr=-sT 

and  <//7 


SJ7      8*7  8?        <*£       *"     1M       .       oV      G 

-*—  =  *T  *     —  —r~  ~  ~Ff  >  likewise   -*     = 
ox         o£  ox         dx       j  by        g 
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As  tan  t  is  expressed  in  £  and  ??,  it  would  be  well  to  choose 
for  tan  r' ',  and  hence  also  for  the  stream  curve,  the  same  variables. 
We  assume  that  also  for  the  latter,  xv  yx  can  be  replaced  as  in  for- 
mulae 11  and  12  by  f  r;,  and  then  we  write 

dyi  =  ^di=fdt  dyi  =  g'dn. 


Placing  all  this  in  equation  14,  we  get 


(\U) 


The  integration  of  this  equation  is  possible  after  inserting  the 
function  values  from  equation  11,  and  now  gives  the  equation  of  the 
"  stream  lines  group  "  in  the  form 


f 2  +  if  —  2  nat.  log  £  i)  —  constant 


(15) 


The  velocity  at  a  certain  point  of  a  stream  line  designated  by 
|  and  r]  is  obtained  by  differentiating  </>asa  mean  function  of  x,  y 

_8cj>  _8^8J_  8j 
U~  Sx~U[8x~  &x 


=  a| 


&4> 


By 


Sv  By 


8cf> 

8  7] 

8  y 

8  7] 


a  7] 


(16) 


Herewith  are  obtained  the  resulting  velocity  and  pressure  as 
per  equation  3a. 

The  particular  solution,  so  derived,  of  the  general  differential 
equation  for  c/>,  is  but  little  available  because  of  the  mean  values  of 
the  variables  J  and  ??.  But  very  simple  formulae  are  obtained  if  we 
confine  ourselves  to  the  small  values  of  f  and  tj.  If,  for  instance, 
0.1  be  the  upper  limit,  then  the  sum  of  the  first  two  terms  of 
equation  15  is  always  smaller  than  0.02;  the  third  term,  on  the 
other  hand,  is  always  larger  than  9.20.  We  therefore  make  a  negli- 
gible error  if  we  neglect,  within  the  given  limits,  f  2  +  tj2  as  com- 
pared with  the  logarithm,  and  equation  15  becomes 
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—  2  nat.  log  f  tj  —  constant 
or 

f  7]  =  constant (15a) 

For  the  same  reasons,  f 2  and  rf  as  compared  to  3,  may  be  omitted 
in  equations  11  and  12,  so  that 

*=-\       y=+l (17) 

a  a 

which  values,  when  substituted  in  equation  15a,  express  the  equa- 
tion of  stream  lines  for  the  coordinate  axes  x>  y.     Then 

xy  =  constant (17a) 

that  is,  the  stream  lines  are  equilateral  hypei'bolas.      In  this  simpli- 
fication is  also 

U  =  ~(l-aVf,  V=-±(l-aVy      .     .     (18) 

and  the  velocity  potential, 

*  =  i[(1-aV)2-(1~"y)2]  •  •  •  (19) 

or,  nearly,  as  ax  and  ay  are  small,  while  they  are  of  the  same  order  as 
f  and  7), 

4>  =  \aa(f-x*).     .....     (19a) 

The  velocities  are  now 

u  =  ^-  =  —  aa  x,         v  =  ^  —  aay    .     .     (20) 
ox  by 

The  pressures  in  any  point  are  determined  from  equation  3a, 
which,  with/  =  a2  //,,  takes  the  form 

-  (u2  4-  v2)  4-  a2  nat.  log  —^  =  constant. 
2  a- 

Combining  —  a2  nat.  log  a2  with  the  constants,  and  designating 
the  pressure  at  the  coordinate  origin  as  p0,  in  which  u  =  0,  v  =  0, 
we  obtain 
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nat.  log  L  =  -  -L  (**2  +  v2)  =  -  -  a2  (x2  +  /)    .     .      (21) 

or  when  r2  =  x2  -f-  >'2 

/=Af*a"- (2M 

that  is  : 

Pressure  and  velocity  depend  only  on  the  distance  the  chosen 
stream  point  is  from  the  coordinate  origin. 

We  have  now  finally  reached  a  velocity-potential,  with  the 
above  approximations,  which  correspond  to  a  flow  without  com- 
pression; that  is,  to  the  assumption  /jl  =  a  constant.  This  also 
holds  true,  even  when  /jl  varies  slightly,  as  can  be  seen  by  inserting 
numerical  values  in  the  exact  equation  15.  We  shall  assume  the 
constants  of  this  equation  collectively  equal  to  6.52;  that  is,  calcu- 
lating the  values  of  f,  rj,  Sax,  Say  lying  on  the  stream  line,  from 
formulae  15,  11  and  12,  the  following  table  is  derived: 


f  =  1.0 

0.7 

0.1 

0.3 

0.2 

v  =  0.0635 

0.0702 

0.1046 

0.1350 

0.2 

Sax=  -  2 

-  1.757 

-  1.136 

-  0.873 

-  0.592 

3  ay  =  0.1896 

0.2102 

0.3125 

0.4025 

0.592 

If,  on  the  other  hand,  xy  =  constant,  then  the  values  of  3  a y, 
for  instance,  must  be,  as  in  the  above  order, 

0.1752  0.1994         .0.3083  0.4015  0.592. 

The  difference,  therefore,  for  a  graphical  representation  of  the 
flow,  is  negligible.  As  the  stream  lines  are  symmetrical  when  re- 
ferred to  a  line  passing  through  the  origin  at  an  angle  of  45°,  then 
the  second  branch  of  the  curve  is  determined  by  the  above  values. 
Beyond  the  limits  f =  1  and  r\  —  1,  the  equations  do  not  give  any 
continuation  of  the  stream  lines,  and  it  must  next  be  investigated 
whether  or  not  the  flow  beyond  these  limits  can  remain  free  from 
rotation.* 

In  order  to  consider  a  concrete  example,  we  shall  assume  super- 
heated steam  of  440°  C.  (824°  F.)  absolute  temperature,  with  the 
approximately  correct  condition  equation  : 


*  For  our  problem,  this  is  immaterial,  as  we  can  imagine  the  condition  at  the 
stream  orifice  as  artificially  produced. 
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In  French  units 

pv  =  47  T 

p  in  kg.  per  sq.  meter,  v  in  cubic  meters,  T  absolute  temperature  C°. 
In  English  units 

pv=  0.6  T 

p  in  lb.  per  sq.  in.,  v  in  cubic  feet,  T  absolute  temperature  F°. 
We  get  a  =  \lgvp  =  450  meters  (1476  feet)  per  second.  Let 
the  arbitrary  constant  a  =  10,  and  as  the  limits  of  steam  flow,  let 

xy  =  4 

and  take  cm.  as  the  unit  of  length.  Fig.  219  represents  the  stream 
limits  (in  this  case  a  channel  with  right-angled  profile)  ;  the  stream 

1 


Fig.  219. 

lines  ;  also  the  lines  cf>  =  constant,  that  is  the  stream  cross-section  ; 
and  finally,  the  curves  of  constant  velocity  and  constant  press- 
ure respectively.     The  inserted  figures  give  the  velocities  in  meters 
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per  second.  Our  formulae  give  a  flow  towards  the  coordinate  origin ; 
but  as  the  sign  of  cj>  may  be  altered  without  making  any  other 
change,  and  again  give  a  solution  of  the  problem,  the  steam  direc- 
tion is  shown  reversed,  thus  making  the  problem  easier  to  imagine, 
and  the  figure  can  now  be  said  to  be  an  illustration  of  the  orifice  of 
a  nozzle.  The  main  conclusion  of  this  investigation  may  be  said 
to  be  the  proof,  that  the  pressures  and  velocities  of  the  steam  jets,  so 
soon  as  the  limits  of  small  bends  of  the  stream  courses  are  reached, 
neutralize  each  other  very  quickly,  even  when  the  velocity  has  reached 
hundreds  of  meters. 

Let  pr  be  the  pressure  at  the  rim  for  the  point  x,  y,  and  pm  the 
pressure  at  the  center  of  the  stream  for  the  same  abscissa  x. 
Formula  21  gives 

nat.  log  ^  sa  —  -  a2  x2 ;  nat.  log  ^  =  —  -a2  (x2  +  y2) 
po  *  Po  * 


or 


nat.  log^-l=  \a2y2. 

Pr  A 

Placing/m  =pr  +  A/  in  which  Ap  is  intentionally  a  small  quantity* 
the  logarithm  may  be  developed,  and  there  results 

%-\*f    .......     (22) 

Let  for  our  problem  x  =  6  cm.,  y  =  |  cm.  =  0.0066  m.,  then 
^i  =  0.0022. 

Pr 

If  the  pressure  in  the  stream  center  were  5  atmospheres,  then 
the  pressure  at  the  stream  rim  would  be  only  about  0.01  atmos- 
phere less.  We  would,  therefore,  look  in  vain,  even  in  a  conically 
diverging  nozzle,  for  pressure  differences  between  the  center  and 
rim  of  the  stream,  if  we  did  not  have  extraordinarily  delicate 
measuring  apparatus.  This  is  even  less,  because  at  the  orifice  of  a 
nozzle  the  flow  is  not  interfered  with  by  a  plane,  and  therefore  the 
steam  particles  at  the  middle  are  not  forced  to  follow  a  course  so 
sharply  bent. 
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70a.     PRESSURE  DISTRIBUTION   IN   A   TURBINE  BLADE 

CHANNEL. 

If  we  cut  from  a  steam  stream  the  portion  included  between 
two  stream  lines,  as  is  shown  in  Fig.  220,  there  results  a  channel 
that  greatly  resembles  the  channel  between  two  turbine  blades. 
The  derived  formulae  can  be  used  without  change,  and  give  an 
easily  seen  representation  of  the  pressure  distribution.  A  line 
passing  through  the  coordinate  origin  at  45°  cuts  the  direction  of 
flow  at  right  angles  ;  rx  represents  the  inner  distance  along  this  line 
and  r2  the  outer  distance.  With  small  blade  depths,  we  may  intro- 
duce in  the  differential  of/,  according  to  equation  21#,  Article  70, 


dp  =  -  p9 


_u1r1    d< 


d(r2) 


-  \pdir\ 


Fig.   220. 

Introducing  for  pressure  p  a  constant  mean  value  pm>  we  obtain 
as  an  approximate  value  of  the  pressure  differences  between  the 
inner  and  outer  blade  limits 

A-A--  jfcW-'fl       ....     (23) 


This  formula  can  also  be  derived  directly  if  we  observe  that 
below  the  45°  line,  no  tangential  acceleration  is  present.  An  ele- 
ment bounded  by  two  stream  planes  and  two  infinitely  close  normal 
planes  must  therefore  be  in  equilibrium  under  the  influence  of  the 


w 


pressures  and  deflecting  force  dm  —  in  which  p  is  the  radius  of 
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curvature  of  the  course.     This  leads,  if  we  use  equation  8  of  Article 
31  with 

<rr  =  at  =  —  p,     further  y  =  constant  ;       x2  a>2  =  w2 
to 

-  p  J.  +-  fi  w2  =  0, 
ax 

*t—** (24) 

dr  p 

For  the  equilateral  hyperbola,  however,  we  find  p  =  r,  and  equation 
20  gives 

1  2     i         2  2      2     2  /  O  £  \ 

r  =r  +  ^"  =  a"<rr (^o) 

and  finally 

P=o}» .      (26) 

and   from  equations   24   to   26  either  equation  21<2  or  equation   23 
may  be  derived. 

For  an  actual  turbine  blade  channel,  for  instance  in  a  Laval  tur- 
bine, the  ratios,  as  was  explained  on  page  97,  are  considerably 
different,  because  there  cannot  be  considered  in  the  above  discus- 
sion either  the  circumstance  that  the  stream  in  the  blade  channel 
flows  in  straight  lines  with  equal  pressure  throughout,  or  the  very 
great  friction  resistances.  The  flow  in  the  blade  channel  is  an 
unusually  complicated  occurrence,  all  the  more  so  as  there  is  added 
to  the  friction  the  splitting  up  against  the  blade  edges,  and  we 
must  leave  to  experiment  the  determination  of  blade  forms  that 
give  favorable  steam  performance. 

71.    DEFLECTION   OF   A   HORIZONTAL   DISC   OF    VARIABLE 
THICKNESS,  DUE  TO   ITS  OWN  WEIGHT. 

The  application  of  horizontal  turbine  wheels,  as  for  example 
occurs  in  the  Curtis  turbine  of  sizes  up  to  5  meters  (16.4  ft.)  in 
diameter,  must  present  to  the  designer  the  question  of  the  deflec- 
tion of  the  wheel  due  to  its  own  weight,  as  this  deflection  might 
very  easily  reach  the  amount  of  clearance  between  the  individual 
guide  and  rotating  wheels.  This  deflection  can  be  calculated  in  a 
comparatively  simple  manner. 

Assume  a  symmetrical  disc  of  variable  thickness  at  rest  with 
its  axis  vertical,  as  shown  in  the  wheel  in  Fig.  102,  page  161.     The 
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thickness  of  the  disc,  y,  at  a  distance  x  from  the  axis,  let  us  here 
call  h.  The  deflection  downward  will  be  considered  as  positive,  and 
is  z  at  the  distance  x.  An  outer  rim  will  not  be  considered  ;  the 
hub  is  relatively  small  in  diameter,  therefore  xl  is  small  in  compari- 
son with  x2 .     The  profile  of  the  disc  corresponds  to  the  equation 


h  xa  =  cf     or     h  —  c  x" 


a) 


and  let  a,  that  is,  also  the  slope  of  the  tangent  at  the  profile  line 
towards  the  middle  plane  of  the  wheel,  be  so  small  that  we  can 
place  the  cosine  of  the  angle  of  slope  =  1  in  the  conditions  of  equi- 


p/awe 


librium  of  stresses  in  a  disc  element.  With  the  absences  of  rim 
forces  there  are  present  in  any  one  cross-section  at  right  angles  to 
the  middle  plane  of  the  disc,  only  bending  and  shearing  stresses. 
The  former  we  may,  as  with  a  uniformly  thick  disc,  place  propor- 
tional to  the  distance  of  the  surface  element  in  question  from  the 
middle  plane,  and  let  ax  be  the  absolute  value  of  the  bending 
stresses  in  the  outermost  fiber  of  a  section  at  right  angles  to  the 
radius  ;  ay  be  the  same  in  a  meridian  section. 

The  bending  moment  M  which  is  exerted  upon  the  face  area 
xd<f>h  of  the  disc  element  represented  in  Fig.  221  in  the  direction 
of  the  arrow,  has  the  value  :  Resisting  Moment  x  Bending  Stress  at 
the  outer  fiber  ;  that  is, 
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M=  I  {xd<t>)h2<rx (2) 


The  same  for  the  opposite  face  surface  is 

M'  =  g  0'#)  hn  aj. 

The  Moment  at  the  side  areas,  dxh,  is 

M^^dxh2^ (3) 

in  the  sense  of  the  "  axis  "  as  shown  in  plan  view  of  Fig.  221. 

Besides  this  there  is  a  shearing  force  exerted  in  each  face  area; 
and  in  x  d<f)  h  the  force 

S=xd<t>hrm (4) 

in  which  rm  represents  the  mean  value  of  the  shearing  stresses* 
In  like  manner, 

S'  =x'd$tiT'm. 

In  the  side  areas  the  shearing  force  is,  for  reasons  of  sym- 
metry, =  0.  Finally  there  acts  in  the  center  of  gravity  of  the  ele- 
ment, vertically  downward,  due  to  its  own  weight,  the  force 

dG  =  xdcj)  dxhy (5) 

in  which  7  represents  the  specific  weight. 

The  forces  given  must  be  in  equilibrium  with  each  other ;  the 
sum  of  the  moments  must  therefore  disappear,  for  instance,  for  an 
axis  passing  through  the  center  of  gravity  at  right  angles  to  the 
plane  XOZ.  Combining  the  moments  M1  gives  the  turning  moment 
Mx  dcf>  about  this  axis,  and  the  first  condition  of  equilibrium  is 
therefore, 

M'  -  M  -  MY  d<f>  +  Sdx  =  0 (6) 

or  after  substituting  the  individual  values,  as 

,,,       ,,      dM  j 
W  -  M  =  —-dx, 
dx 


*  This  line  of  reasoning  corresponds  substantially  to  the  methods  used  by  all  au- 
thorities, as,  for  instance,  Grashof ;  but  is  much  simpler  than  the  method  of  the  latter. 
The  degree  of  approximation  to  the  exact  solution  may  be  just  as  close  as  that  of  the 
ordinary  theory  of  bending  of  de  Saint-  Vinant. 


338      SPECIAL  PROBLEMS  OF  THEORY  AND   CONSTRUCTION. 

we  have, 

d  (x  h2  <rx)       7  2  n  A  __. 

dx    x-h2^  +  6xhrm=0         ...     (7) 

The  second  condition  of  equilibrium  we  shall  not  refer  to  one 
element,  but  to  an  entire  disc,  limited  by  a  vertical  cylinder  of 
radius  x.     The  total  weight  of  the  same  is 

Gx  =  /     2irxdxhy (8) 

The  reaction  P  exerted  vertically  upwards  through  the  center 
is  equal  to  the  weight  of  the  entire  disc ;  therefore, 

P  =   f  \irxdxhy (9) 

Jxx 

Vertically  downwards  we  have  finally  the  total  shearing  force 
2  7r  x  h  rm.     Equilibrium  demands  that 

Gx+  2irxhrm=P (10) 

From  this  we  calculate 

*hTm=  -—  \P  -  Gx\  =  \   I     xdxhy  —  J    xdxhyl 


or,  also 


J^x%                       Cx                      Pa        v  h  x2 
xdxhy  —  I    xdxhy  =  s ^ (11) 
o                         «/0                         Z  7r       Z  —  a 

if  we  represent 

P0  =  /      27rxdxhy  =  — ^ —     .     .     .     (1^) 

as  the  "  ideal "  weight  of  the  disc,  imagined  carried  out  to  the  axis, 
in  which  it  is  assumed  that  a  <  2,  and  the  disc  of  uniform  thick- 
ness, a  =  0,  as  is  later  shown,  must  be  neglected.  By  inserting 
xh  rm  from  equation  11  in  equation  7,  the  shearing  stresses  are 
eliminated,  and  we  have 

*<£*££-#*  =,  ~  ^P,  +  67^  .     .     .     (13) 
dx  2  7r  2  —  a 
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The  elongation  of  a  disc  element  on  the  tension  side  of  the 

h 
deflection  shown  in  Fig.  222  at  a  distance  -  in  the  radial  direc- 

'-> 
tion  is 


e,  = 


(p  +  ^jdh-pdh 


pdh 


2P 


.     (14) 


and  in  the  direction  of  y,  that  is,  measured  circumferentially, 


Fig.  222. 
2  7r^  +  |sin  8\-  2 


7T  X 


2ttx 
or,  with  the  allowable  approximation, 


h     . 
2^Sm 


1       d  z         ..  o,  cs       dz        , 

-  =  -—=  =  z    ;  sin  o  =   oo  tan  6  =  —  =  z  , 
p      dx  dx 


€x~2Z' 


hz' 


e*  =  2^ 


(14a) 


(146) 


From  this  we  get,  as  in  Article  39, 


x)  2 


c    = 

y       l-v* 


,+-)l 


A\ 


(15) 
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and  the  differential  equation  13  reads 

L     V  \l  V  #/  £(2  -a) 

6  (1  _  *2)  P0 


£ 


or,  taking  equation  1  into  consideration, 

«"'  +  (1  _  3  a)-  -  (1  +  3  a*)^  =  ^  ^  -  a2tf* 
and  the  notation 

%i  =  2  a  -f-  1  w2  = 

12  (1  -  v2)  7 


3a-l 


6  (1  -  v2)  Pfl 
tt£c3 


(16) 


(17) 


(18) 


(2  -  a)  £  c2 
For  solving  this  equation,  we  place 
z  =  u  +  6j  #** 
and  designate  the  right  side  of  equation  17  as/  (^r) ;  we  then  get 


f{u)  +  bx  [kx  (k,  -  1)  (kx  -  2)  +  (1  -  3  a)  kx  (kx  -  1) 

-  (l  +  3a^i]^1_    =  ax xHl  —  a2 xn* 


If 


kx  =  nx  +3 

then  ^ni  disappears,  and  bx  may  be  determined  from  the  equation, 

(nx  +  3)  [(Wl  +  2)  fa  +  2  -  3a)  -  (1  +  3  av)]  bx  =  ax .     (19) 

In  like  manner  the  second  term  on  the  right  may  be  set  aside  by 
substituting 

u  =  v  +  b2x 

from  which  b2  may  be  calculated  from  the  equation 

(*2  +  3)  [fa  +2)(w2+2-3a)-(l  +  3ai;)]&2=-fl2      (19a) 

The  remaining  equation 

/(*)-*> (17a) 
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is  integrated  by  the  addition  of  v=b0x   in  which  X  must  satisfy  the 
equation 

V  -  (2  +  3  a)  X2  +  3  a  (1  -  v)  X  =  0. 

The  three  roots  are 


1} ={1+sih  s/i1 + -¥  1  - 3  a  (1  ~v) ;  >" = °  • (20) 

from  which  the  complete  integral  of  equation  17  is 

Z  =  bQX*  +  ft/**  +  &•"**  +  &l^1+3  +  &2^  +  3. 

For  x  =  0  we  require  z  =  0,  and  this  gives  ^0"  =  0  ;  likewise 
for  x  =  0,  z'  must  also  =  0,  which  is  only  possible  when  b§  =  0. 
(X!  —  1)  is  always  a  negative  real  quantity,  as  can  easily  be  seen,  if 
b%'  is  not  =  0  ;  then  with  x  =  0,  the  values  of  z'  would  be  infi- 
nitely great. 

The  corresponding  solution  of  the  problem  is,  therefore, 

z  =  b9xk  +  blx1+*  +  b2xh+3     ....     (21) 

The  still  arbitrary  constant  b0  is  determined  by  the  rim  condi- 
tions, that  for^r  =  x2  =  r,  the  bending  stress  trx  disappears  ;  that  is, 

f'  +  v-)        =0 (21a) 

x/x=r 

The  disappearance  of  the  shearing  stresses  is  satisfied  when  P0  is 
made  equal  to  the  "  ideal  "  wheel  weight.  Completing  the  solution, 
we  have 

b»  =  -  x(x-1i  +  y)  [(Wl  +  8)  <*  +  2  +  v)  byi+3~k 

+  (n2+3)(n2+2  +  v)b2rn*+3-k],     ....      (22) 

whereby  the  problem  is  completely  solved.  The  stresses  them- 
selves we  obtain  by  substituting  the  derived  values  from  equation 
21  in  equation  15. 

The  equations  are  inconvenient,  but  at  least  do  not  demand 
tiresome  trials.  When  the  wheel  diameter  reaches  several  meters, 
the  deflection  can  be  measured  in  millimeters,  and  the  calculation 
should  not  be  omitted. 
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For  convenience,  we  shall  again  give  the  steps  in  their  proper 
order  for  this  calculation.  Equation  1  is  obtained  from  the  design 
of  the  wheel.  We  calculate  P0  from  equation  12  ;  nlf  n2i  alt  a2 
from  equation  18;  bx ,  b2>  from  equations  19  and  19a;  \  from 
equation  20 ;  £0  from  equation  22 ;  and  obtain  the  deflection  from 
equation  21. 

For  the  disc  of  uniform  thickness,  the  integration  is  to  be  per- 
formed separately,  and  we  obtain,  with  a  =  0,  h  =  constant  =  h0, 


(23) 

(24) 


z 

diX* 

a2x2 
4 

(nat. 

log  x  — 

i)  + 

(Zjj  X 

4 

in 

which 

aY  = 

6  (1  -  v2 

)7 

a2  = 

6(1 

7T  . 

-v2)P 
EK 

which  formulae  have  already  been  derived  by  Grashof 

For  the  determination  of  a3  condition  21  #  again  serves  ;  and  we 
have 

-  -  -  iffn^) ai  r2  +[nat- log  r  +  2TiT^)  ] fl2  •   (25) 

and  finally  the  deflection  at  the  rim, 

M„.°"'"ir'"fe-""ig  •  m 

By  a  numerical  example  we  can  prove  that  by  increasing  the 
thickness  of  the  disc  towards  the  shaft  according  to  equation  1, 
which  is  demanded  by  the  stresses  due  to  centrifugal  force,  the 
deflection  due  to  its  own  weight  is  considerably  lessened.  The 
effect  of  a  thickened  rim  may  also  be  calculated ;  still,  the  presen- 
tation of  this  calculation  would  lead  us  too  far. 


71a.     STRAIGHTENING-OUT    OF    A    VERTICALLY   ROTATING 
DISC  BY  ITS  OWN  CENTRIFUGAL  FORCES. 

With  discs  of  considerable  dimensions,  the  danger  may  arise  that 
the  disc  is  straightened  out  more  or  less  by  its  own  centrifugal 
forces,  therefore  under  circumstances  might  draw  up  and  scrape 
along  its  top  side.  The  value  of  this  straightening  out  can  be 
approximately  determined  at  least  for  a  disc  of  uniform  thickness. 
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In  Fig.  223  is  shown  a  plan  and  elevation  of  a  disc  element  of 
the  same  shape  as  before.  To  the  forces  due  to  its  own  weight, 
dG,  S,  S',  M,  M\  M1 ,  there  is  added  on  account  of  centrifugal 
force,  dF =  //,  (x  d<f>  hdx)  co2  x,  in  which  fi  is  the  specific  mass  ;  the 
radial  force  R  =  xd<f>  h  crr  exerted  on  the  face  area  x  d$  k  ;  its  op- 
posing force,  Rf  =  xr  d$  h  <r/  ;  and  the  tangential  force  T  =  dxkat 

t  s 

Elevation 


Fig.  223. 

on  the  side  areas,  dxh.  <rr,  <rt  represent  the  radial  and  tangential 
stresses,  distributed  uniformly  over  the  entire  cross-section,  while 
<rx,  a  are  used  in  the  sense  as  before.  The  moments  Ml  give  as 
before  Mx  d<\>  which  is  inserted  in  the  figure.  The  forces  T  can 
also  be  combined  into  a  resultant  Tdcf),  which  is  exerted  radially 
inward.  The  equilibrium  of  these  four  systems  again  demands  the 
disappearance  of  the  moments  about  any  one  axis,  and  the  disap- 
pearance of  the  sum  of  the  force  components  in  any  one  direction. 
The  first  condition,  referred  to  an  axis  through  the  center  of  gravity 
at  right  angles  to  X  O  Z,  gives  as  before, 


d  O  <rx) 
dx 


-  <?v  + 


6  x 


T,„   =   0 


(27) 


We  shall  also  take  the  sum  of  the  components  in  the  direction 
of  the  tangent  to  the  elastic  curve  of  the  meridian  section.  The 
slope  of  this  tangent  is  so  small  that  curve,  sine,  and  tangent  may 
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dz 
be  interchanged,  =  —  =  z',  and  the  cosine  may  be  =  1.     Resolv- 

CLX 

ing  dG  into  tangential  and  normal  components,  the  first  component 
will  =  dG  zf,  and  the  condition  of  equilibrium  is 

R' -R-Td<j>  +  dF +  dGz' =  0       .     .     .     (28) 

or 

d(xo-)  2    2  dz       n.  /nnN 

\    ?/  -  crt  +  /jlq)2x2  +  yx—-  =  0       .     .     (29) 
dx  dx 

The  third  condition  we  again  refer  to  the  vertical  forces  acting 
on  a  disc  element  cut  from  vertical  cylinder  of  radius  x.  The  sum 
of  the  vertical  components  of  R  is 

2  7T  x  h  (Tr  z' 
and  we  get 

2  itx  h  <rr  z'  +  2  it  x  h  rm  +  7  irx2  h  —  P0  =  0> 

from  which 

7             P0       7/i^2  ,        , 

xh,Tm= — xharz  . 

Air  A 

Introducing  this  in  equation  27,  we  have 

dJ?<>-a  _^z'_-^**  +  £Z|=0   .     .     (30) 

dx  y  h  h  irh2 

In  equations  29  and  30  we  substitute  for  crx  <ry  crr  at  expression  15, 
Article  71,  and  expression  12,  Article  39,  respectively,  in  order  to 
determine  the  unknown  z  and  £  as  function  of  x.  We  get  around 
the  difficulty  of  this  calculation  by  the  assumption  that  the  stresses 
crr  and  (Tt  for  a  first  approximation  have  the  same  value,  as  though 
the  forces  of  gravity  were  absent.  We  have  then  for  f,  equation 
38,  Article  39, 

<.  97  bo     .  ,  (1  —  v2)aco2 

%  =  axi  +  blx+-  with  a  =  —  ± — £- — , 

x  8  E 

in  which  b2  =  0  for  the  entire  disc,  so  that  with  x  =  0,  f  =  0.  At 
the  rim  of  the  wheel,  ar  =  0  ;  that  is,  according  to  equation  12, 
Article  39, 
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and  from  this  follows 

(3  +  v)ar2 

and  finally, 

<r„  =«' (,*-*')  with  *'=(3+^M2       .     .        (31) 

o 

which  value,  with  equation  15,  we  introduce  in  equation  30,  with 
the  further  abbreviation, 

*"=^ <32> 

and  get  the  differential  equation 

xz'"  +  z"  -  -  +  a"  \?±  -  2a'  h  (r2  -  x2)xz'  -  h  y  x2~\  =  0   (33) 
x  \_7r  J 

The  integration  can  be  performed  without  difficulty  by  summa- 
tion of  series,  but  necessitates  awkward  calculations,  if  we  wish  to 
derive  a  numerical  result.  Therefore  an  approximate  method  is 
introduced  by  substituting,  for  the  derivative  of  z'  expressed  in  the 
brackets,  a  simple  function  of  x.  As  z  constantly  increases  from 
the  center,  we  shall  assume  the  simplest  form, 

z  =  <z0  x2 (34) 

with  the  unknown  but  constant  a0,  whereby  it  is  to  be  remarked 
that  actually,  z  increases  more  quickly  than  the  square  of  x.     There- 
fore the  influence  of  centrifugal  force  expressed  in  the  term  2  a!  h 
(r2  —  x2)  x  z'y  has  been  somewhat  too  highly  estimated. 
Inserting,  therefore, 

z'  =  2  aQ  x 

in  equation  33,  and  using  the  notations 

A0  =  ?-**,     AY  =  a"h(y  +  4:  a0  a'  r2),     A2=Aha0a'  a".    (35) 

7T 


it  takes  the  form 


z'"  +  ---2=-^  +  Alx-Aixi.     .     .     (36) 
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in  which  the  left  side  may  also  be  written  as 

d  lz' 


z,n  +  J 
ax 


integrating,  we  have 

zf  11 

z"  +  -  =  —  A0  nat.  log  x  -\-  ^  Ai  x2  —  T  ^42  #4  4-  A3 
x  A  4 

The  left  side  is  = (xzf)  ;  we  can  therefore,  after  multiplying 

xdx 

by  x,  again  integrate,  and  finally  get 

z  =  -  At*{wL  log  *  -  1)  +  ^AlX*  -  j^*6  +  \a^  (37) 

The  last  two  integration  constants  are  =  0,  because  for  x  =  0, 
must  z  —  0,  as  also  /  =  0.  The  still  arbitrary  A3  follows  from 
the  condition  that  for  x  =  x2  =  r  it  must  be  the  bending  stresses, 
that  is, 

[z"  +v-\         =  0. 

This  gives 

^  =  I^  j  ^t  [(!  +  ")nat-  loS  *  +  ^p]  -  \Ai  (3+  »)  ^ 
+  1-2A2(5  +  V)ri\ (38) 

and  finally  we  have  the  deflection  of  the  rim  for  x  =  r,  if  the  value 
of  the  constants  A0  to  Az  is  inserted, 


-•a -«*  +  •.»£ 


1 

96  v 


-4(3+^)(1-^)(17+5^)4^ae^      .     (39) 


If  ©  =  0,  we  then  have 

,0  =  _|(l_„)(7  +  3„)jJ     ....     (40) 

which  agrees  with  equation  26  of  the  previous  article. 
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If  we  let 

/3=i(3+y)(1~")(17  +  5")w-  •  •  (41> 

the  effective  deflection  would  then  be 

zr  =  z,-$a,r* (42) 

The  still  unknown  value  a0  must  in  order  to  satisfy  the  assump- 
tion, equation  34,  be  so  calculated  that 


We  therefore  have 
and  from  this  finally, 


zm  =  a,  r- 


/3*r> 


+  -TTV (48) 


The  centrifugal  force,  as  can  easily  be  proved,  exerts  a  con- 
siderable influence  on  the  deflection.  For  instance,  zr  will  become 
one-half  of  z0  when  ft  =  1,  and  this  means  with  a  disc  of  4  meters 
(13  feet)  diameter,  3  centimeters  (1.18  inches)  thick,  (when  /x  = 
7.8  x  10-6,  E  =  2  x  106,  v  =  0.3)  an  angular  velocity  <o  =  56.9, 
therefore  rotating,  n  =  543  per  minute.  But  if  we  increase  the 
revolutions  threefold,  that  is,  to  1  630,  than  j3  =  9,  hence  the  de- 
flection is  only  one-tenth  of  that  at  a  position  of  rest. 

The  presence  of  a  thickened  rim  and  variable  thickness  of  disc 
would  influence  the  ratio  of  both  of  these  deflections  the  less,  the 
higher  the  velocity.  We  could  calculate  the  deflection  for  this 
case  also  by  means  of  the  approximate  method  just  used,  and  still 
the  above  simple  example  justifies  the  statement,  that  for  the  high 
number  of  revolutions  usual  in  turbine  construction,  the  deflection  of 
a  horizontal,  rotating  disc  due  to  its  own  weight  is  almost  entirely 
neutralized,  while  in  motion,  by  the  centrifugal  force.  In  general, 
therefore,  the  clearance  between  the  guide  and  rotating  wheels 
must  be  made  at  least  equal  to  the  value  of  this  deflection.  But 
we  could  also  make  the  meridian  line  of  the  wheel  a  flat  arc,  con- 
cave upwards,  according  to  equation  21,  so  that  its  own  weight 
would  bend  the  middle  area  to  a  horizontal  plane,  and  the  centrifu- 
gal forces  would  only  call  forth  an  expansion  in  this    horizontal 
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plane.  This  doubtless  demands  more  skill  in  the  shop ;  and,  by 
taking  into  account  the  possible  vibration  of  the  wheel,  we  are  led 
not  to  make  the  clearance  too  small. 


71b.  THE   STRESSES  IN   DISC   WHEELS   DUE   TO   UNEQUAL 

HEATING. 

It  has  lately  been  observed  that  with  single-stage  turbines,  on 
account  of  the  heat  radiation  of  the  nozzle  rings,  the  rim  of  the  disc 
wheel  has  a  much  higher  temperature  (up  to  100°  C.  or  180°  F.  dif- 
ference) than  the  disc  body,  which  radiates  heat  to  the  colder  cas- 
ing. This  is  the  reason  wheel  constructions  are  found,  by  which, 
for  example,  the  crown  is  divided  by  radial  saw-tooth  sections  into 
many  independent  segments,  so  that  it  can  expand  freely.  Then 
also,  the  internal  stresses  in  the  material  have  a  chance  to  balance 
themselves.  Much  more  dangerous  stresses  might  be  imagined 
when  accidents  occur  while  running.  It  might  be  possible,  for 
instance,  with  unskilled  attendance,  for  cooling  water  to  back  into 
the  turbine  casing  (while  shutting  down),  and  cool  the  rim  of  the 
wheel  while  the  disc  remains  hot. 

The  investigation  is  greatly  simplified  by  observing  that  the 
stresses  which  are  caused  by  unequal  heating  may  be  united  with 
the  centrifugal  force  stresses,  according  to  the  principle  of  "  super- 
imposition,"  that  is,  they  can  be  calculated  as  if  the  wheel  were  at 
rest. 

An  especially  obvious  case  occurs  if  a  disc  of  uniform  thickness 
//  is  investigated,  whose  rim,  of  cross-section  f,  is  suddenly  cooled 
t°  below  the  constant  initial  temperature.  As  the  rim  tries  to 
contract,  it  puts  a  radial  pressure  on  the  disc,  and  is  itself  put 
under  stress,  exactly  like  a  shrunk  ring.  Let  us  assume  for 
simplicity  that  the  disc  is  whole  (without  bore,  or  the  hub  so  strong 
that  the  disc  may  be  considered  whole)  ;  then,  by  specializing  for- 
mula 38  in  Article  39,  or  by  immediate  consideration,  we  can  prove 
that  the  (pressure)  stress  a  is  equally  large  in  all  directions  through- 
out the  disc,  and  that  the  linear  compressive  forces  are 

f-^jr" CD 
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By  now  neglecting  the  difference  between  x2  and  xz  and  placing 
both  a  r,  we  have  at  the  disc  rim 

?r  =  ^W (2) 

The    radius    of   the    ring,    whose    value  was    originally    r,    is 
decreased  by  cooling  through  f  C.  (or  F.°)  to 

Ar  =  ret (3) 

where  €  is  the  coefficient  of  heat  expansion.  But  the  disc  presses 
the  ring  with  a  force  a-  over  the  breadth  h  radially  apart,  by  which 
an  enlargement  of 

*'-t£ w 

is  brought  about,  and  £,,  +  f ' r  must  =  A  r>  or  by  introducing  the 
values  in  equation  2,  3,  and  4,  we  have 

1  —  v  ha  r2 

err  A =  ret ; 

E  Ef 

from  which  may  be  calculated 

'-" —JTr (5) 

(1  -  v)  Ar  j- 

The  stress  aY  in  the  ring,  we  get  approximately  from  the  load  due 
to  a  on  the  inner  circumference  of  the  ring,  by  the  so-called  boiler 
formula, 

rh  a  E  et 

*       (l  -  v)  L-±  l 

rh 

Formulae  5  and  6  are  peculiar  in  that  the  stresses  depend  only 
upon  the  difference  of  temperature,  t,  and  the  product  rh,  but  not 
individually  upon  the  value  of  the  radius.  A  disc  twice  as  large 
but  half  as  thick  experiences  therefore  equal  stresses  with  equally 
strong  and  equally  heated  rim. 

There   is  no  difficulty  in  calculating  a  constant   distribution  of 


350      SPECIAL   PROBLEMS  OF   THEORY  AND   CONSTRUCTION. 

temperature,  if  we  assume  a  suitably  simple  law  of  distribution. 
The  fundamental  formulae  8  and  9  in  Article  39  hold  good ;  still, 
er  and  et  denote,  after  subtracting  the  expansion  due  to  heat,  only 
the  resulting  elastic  specific  expansion,  which  may  be  calculated  as 
follows  :  let  /  be  the  constant  excess  of  temperature  beyond  the 
initial  temperature  in  all  parts  of  the  circumference  of  radius  x,  and 
varying  with  x.  Let  the  radius  after  heating  be  x-\-% .  A  ring  of 
radius  x  would  be  expanded  by  heat  alone, 

f  =  ext. 

Only  the  excess  £"  =  £— £'  forms  the  elastic  deformation  ;  therefore 
the  tangential  expansion  is 

€,  =  *-  =  *-€/ (7) 

xx 


In  like  manner  the  distortion  of  the  point  at  the  distance  dx  is 

dp 

p *  =  £  -|-  _*  .  dx,  and  the  total  expansion  of  the  element  dx  is 

dx 

—  .  dx.     Heat  alone  gives  the  part  e  /  dx  ;  as  the  elastic  elonga- 
dx 

tion  in  the  radial  direction,  we  have,  therefore, 

-^dx—  etdx 

dx                         at,          ,  /QN 

€    = =  -r-  —  e  t (o) 

dx                dx  v  ; 


The  equation  of  stresses,  formula  12,  Article  39,  therefore  reads 

\.    .    .    (9) 

-  ^M  -')-(£-')]  J 

and  the  fundamental  equation  13  becomes 

fl      (dlny       1\  &\  +  fv  dlny  _  1\  * 
dx2       \    dx         xl  dx      \x     dx         x2 1 

-(l  +  v)e^-{l+v)etdl^l-+Ax=().      .      (10) 
dx  ax 
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The  equation  is  easily  integrated,  if  we  again  let  y  =  cxai  and, 
for  the  temperature,  the  law 

t  =  Bxn (11) 

or  form  a  sum  of  exponential  terms.     We  find 

f  =  ax3  +  6xn+1  +  &1x*i+Z>2x**      .     .     .     (12) 

in  which  a,  fa,  faare  defined  by  equations  18  and  20,  Article  39, 
while 

b  .  . (l  +  v)e(a  +  n)B 

n  (n  +  1)  +  (1+a)  (»  +  1)  +  (a  v  -  1)     *     *      k     ; 

For  the  determination  of  bx  and  b2,  the  rim  conditions  serve,  as  in 
Article  39,  taking  into  account  the  temperature  differences.  From 
equation  10  we  can  easily  prove  the  statement,  that  the  solutions 
for  the  disc  at  rest,  but  heated,  cannot  be  interchanged  for  the 
rotating  disc  with  /  =  0.  This,  however,  may  be  said,  that  the  dif- 
ferential equation  as  well  as  the  rim  conditions  in  £  and  its  deriva- 
tives, are  linear. 

72.     CRITICAL  VELOCITY   OF   A  CONSTANT  AND   UNI- 
FORMLY  LOADED   SHAFT   WITH  VARIABLE 
DIAMETER. 

In  the  general  equation  4,  Article  49,  m1  in  this  case  stands 
for  the  sum  of  the  masses  of  the  wheels  per  unit  length  m{  ;  and 
the  masses  of  the  shaft  itself,  fx  tt  r2 ;  and  the  above  mentioned 

equation  may  be  written  with  the  insertion  of  /  =  -  r4; 

jr4^^=(<  +  ^7rr2)a)2(v  +  ^)    .     .     .     (1) 

in  which  r,  according  to  the  assumption,  is  to  be  variable.  In  order 
not  to  make  the  calculation  too  difficult,  we  shall  assume  a  shaft 
supported  at  the  two  ends  and  enlarged  towards  the  middle,  whose 
radius  decreases  towards  the  shaft's  ends  according  to  the  law, 

,<  =  n<(l-/9>ff) (2) 
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The  coordinate  origin  is  again  in  the  middle  of  the  distance 
between  bearings.  Besides  this,  it  is  assumed  that  either  m{  so 
changes  that  the  sum  m{  -f-  \x  ir  r2  has  over  all  a  constant  value,  or 
fiirr2  has  a  mean  value  substituted  in  the  calculation,  so  that  the 
sum  mx  remains  unchanged  from  cross-section  to  cross-section.  If 
we  introduce  the  new  variable 

then  equation  1  appears  in  the  form 

7T  /i         2x  _,  84  d*y  2  /     .     \ 

j (1  - z)EYd^  =  Wl*  ^  +  e) 

or  with  the  notation 

a=iFE^ (3) 

and  under  the  supposition  that  e  remains  constant : 

(l-z^=a(y  +  e) (4) 

The  limiting  values  of  zt  which  correspond  to  x  —  0  and  x  =  /, 
are  0  and  /3,  and  in  this  intermediate  space,  the  above  formula  is 
integrated  by  a  converging  series  of  the  form 

y  =  a0  +  a2  z2  -f  aA  z4  +  aG  z6  -f-  •  •  •  .     .     .     .     (5) 

The  uneven  powers  disappear  on  account  of  the  symmetry.  If 
we  introduce  this  series  in  the  differential  equation,  then  a0,  a2  are 
first  arbitrary,  while  the  remaining  values  may  be  represented  by 

a  O0  +  e) 
<*4-l-2-3-4 


a  (a0  +  e)  a  a2 


a6  =  o     Y    g      a  + 


3-4-5-6  '  3-4-5-6 


^rAi[(1  +  riV4h  +  ^  +  fl'] 


(6) 
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As  each  coefficient  in  (a0  +  e)  and  a2  is  linear,  y  may  be  written  in 
the  form 

y  =  Oo  +  e)  R0  +  a2R2, 

in  which  ^0  and  R2  are  the  power  series  of  z.     The  constants  <z0 

and  a2  are  now  determined  from  the  condition,  that  for  x  =  /,  that 

d2y 
is  z  =  /3,  j/,  as  well  as  the  bending  moment,  that  is         ,  must  dis- 

dx 

appear.      If  we  denote  the  second  derivatives  of  the  series  R0f  R2 

according  to  z,  as  R",  R",  and  denote  the  value  of  the  expression 

for  z  =  fi  by  the  subscript  (3,  there  result  the  condition  equations, 

0o  (Ro)fi  +  «2  CR2)/3  =  -  e  (Rq)  p 

From  these  #0  and  a2  may  in  general  be  calculated  as  actual 
finite  values.      Only  in  the  case  when  the  determinants 


D  = 


C^o),  (^2)0 

WO,  (*  A 


(HUiJA-WOaW.    •      (7) 


disappear,  will  <?0  and  a2,  hence  also  the  deflection  y,  be  infinitely 
large.  The  critical  velocity  may  therefore  be  determined  from  the 
equation 

D  =  0 (8) 

For  this  purpose  it  is  necessary  to  introduce  the  values  of  a±  a§  . 
in  the  series  R,  and  solve  equation  8  for  the  values  of  co2  occurring 
in  a.  This  process  is  very  inconvenient  in  spite  of  the  not  alto- 
gether poor  convergence  of  the  series,  and  therefore  an  approximate 
value  of  cok  shall  be  derived  by  affecting  all  the  terms  in  the  series 
R  with  a  higher  power,  such  as  zQ  or  /?6  respectively.  This  calcu- 
lation leads  to  the  equation 

l-*a/3<- Aa/?>  =  0 (9) 

or,  after  inserting  the  values  of  a,  we  finally  get  the  critical  velocity, 
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>,=  [Jz^ 


=  3-46"t        ih «  —     (I®) 


\/      "^^  '         \/M/3^^ 


77" 

in    which  _/0  =  Tr04     is    the    moment   of    inertia   of  the  area    of 
4 

the  mean  cross-section  of  the  shaft,  and  M  is  the  total  mass  of  the 

discs  and  shaft.      If,  further,  rx  is  the  radius  of  the  shaft    in  the 

bearing,  then  follows  from  equation  2, 

p = i  -  rA (ii) 

'6 

The  critical  velocity,  therefore,  varies  but  little  as  compared  to 
a  uniform  shaft. 

An  especially  simple  and  still  exact  solution  can  be  had  for  the 
special  case,  in  which  the  load  is  proportional  to  the  square  of  the 
radius  of  the  shaft,  and  this  radius  proportional  to  the  deflection  ; 
that  is,  for  the  law 

dAy      ir  4     d4y  ,   9    2 

or 

d*y  _  4  w/  cd2 

dx4        irEa 
with 

r2  =  ay (13) 


(12) 


We  shall  here  take  no  account  of  an  eccentricity  (e),  and  the 
critical  velocity  is  again  determined  from  the  condition,  that  the 
shaft  remains  in  neutral  equilibrium  under  the  influences  of  the  cen- 
trifugal forces  and  the  elastic  resisting  forces.  The  general  inte- 
gration of  equation  12  gives,  for  a  shaft  supported  at  both  ends,  of 
length  2  /, 


/       2  74 

ay  =  rz=  -* — — 

O  7T  E 


J) -eg) +5]   •   •    .(14) 


If    we  now  prescribe    the   radius  r,  for  instance  at   the   shaft 

center,  for  x  —  0,  that  is,  place  r  =  r0,  the  angular  velocity  must 

assume  a  certain  "critical"  value,   so    that  equation  14  will   hold 
good.     We  have  therefore, 
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5      m/o),2/4 


r  2  — 

'8     — 


b  7T 


and 


/6ttE 


(15) 
(16) 


73.    SYMPATHETIC  VIBRATION   OF   THE    FOUNDATION; 
HARMLESSNESS    OF    "RESONANCE." 

The  shaft,  which  is  never  free  from  vibration,  transmits  to  the 
foundation  of  the  turbine  a  periodically  varying  force,  by  which  the 
former  is  set  into  sympathetic  vibration.  The  foundation  may  be 
considered  as  a  rigid  mass,  resting  on  an  elastic  bed ;  and  there  is 
cause  to  fear  that  under  certain  circumstances,  the  number  of  revo- 
lutions of  the  turbine  may  correspond  to  the  natural  number  of 
vibrations  of  the  foundation,  and  that  when  other  vibrations  take 
place,  a  dangerous  "resonance"  could  occur.  It  is  of  practical 
interest  to  determine  that  this  resonance  is  not  dangerous  to  the 

I 


turbine,  and  could  in  no  way  lead  to  extraordinarily  high  vibrations, 
for  the  reason  that  the  turbine  shaft  is  not  a  rigid  body,  but  is  in 
itself  elastic.  On  the  other  hand,  the  sympathetic  vibrations  gain 
considerable  because  the  critical  velocity  of  the  shaft  is  decreased 
or  increased.  The  simplest  proof  of  the  correctness  of  the  above 
statement  can  be  had  from  the  consideration  of  "  an  elastic  double 
pendulum,"  as,  for  instance,  the  connection  of  the  mass  m  with 
the  mass  w!  by  means  of  a  spring,  the  former  being  connected  by 
another  spring  to  a  first  point,  as  shown  in  Fig.  224.* 


*  The  mass  m  may  represent  the  shaft  with  its   flexibility,  and  m'  the  elastic 
foundation.      Let  the  periodic  force 

P  =  a  cos  o>  t 

act  on  the  mass  m,  which  will  cause  a  vibration  in  the  horizontal  direction.     The  de- 
flections of  m  and  m'  f rom  the  position  in  which  the  springs  are  neither  in  compression 
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For  the   shaft  of  the  turbine  we  may  consider  for  simplicity 
that  the  foundation  will  only  yield  vertically,  and  consider  the  de- 


or  extension  are  x  and  x' ,  and  the  forces  acting  at  that  time  are  X  and  X',  propor- 
tional to  the  distortion  ;  that  is, 

X  =  a(x  -  x'), 
X'  =  a'  x'. 
The  equations  of  motion  of  masses  are 

-£.--*  +  '. 

m    —=-X'-rX. 

If  we  assume  that  there  also  exists  a  so-called  "dampening,"  even  though  very  small, 
in  the  form  of  friction,  which  is  proportional  to  the  velocity,  then  there  remains  after 
a  sufficient  length  of  time,  only  a  vibration  synchronous  with  P ;  that  is,  it  is  the 
solution  of  both  equations  as  given  by  the  formulas  x  =  A  cos  w  /  and  x'  =  A'  cos  <v  t, 
in  which 

P'a      .  A'  =  -        aa 


a2-pp' '  a2-p(3' 

with  /3  =  m  or  —  a  ;  p'  =  m'  w2  —  (a  +  a'). 

The  values  for  critical  oscillation,  that  is,  infinitely  large  values  of  A  and  A' ,  are 
therefore  obtained  when 

a*-/3/3'  =  0 (1) 

If  m  would  swing  alone,  by  considering  m'  fixed,  we  would  derive  the  critical 
value  from  the  equation 

m  w2  -  a  =  0 (2) 

If  the  force  P  were  to  act  on  the  mass  m'  in  the  absence  of  m,  we  would  have,  simi- 
larly, to  let 

m'  w2  -  a'  =  0 (3) 

Neither  the  one  nor  the  other  condition  permits  a  satisfaction  of  equation  1. 

There  exist,  therefore,  critical  values  of  vibrations  for  the  elastic  double  pendulum, 
but  these  do  not  agree  7vith  the  values  that  hold  good  for  a  single  pendulum. 

The  mass  m'  remains  uninfluenced  if  either  the  elastic  resistance,  that  is  a,  or  my 
itself  is  infinitely  large.      If  the  ratios  of  these  limits  approach  each  other,  then  wk2  will 

a 
differ  very  little  from  the  value  —  derived  from  equation  2.     We  can  insert  this  value 

m 

approximately  in  the  expression  for  /3'  in  equation  1,  and  get 


a?  —  (m  av  —  a)  [  m' a  —  a'    1=0 

V        m  / 


from  which  the  corrected 

a  r 

ojk2  =  -        1  + 


a 


hence  it  may  be  said  that  the  critical  number  of  revolutions  is  increased  by  the  sympa- 
thetic vibrations  of  the  '•'■foundation  "  (m/),  if  the  mass  is  of  the  same  size  as  compared 
to  m  ;  therefore  the  elastic  reaction  (a')  is  small  as  compared  to  that  of  the  "  shaft '"  (a) 
because  the  term  standing  next  to  unity  becomes  positive.  The  critical  number  of 
vibrations  is  decreased  if  the  opposite  conditions  arise. 
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flection  of  a  point  in  the  shaft  as  given  by  the  coordinates  x  in  the 
direction  of  the  shaft,  y  at  right  angles  horizontally,  and  z  at  right 
angles  vertically.  Using  again  the  notation  of  article  49,  but 
placing  the  eccentricity  e  =  0,  the  movement  of  the  shaft  may  be 
represented  by  the  equations 

J  E8x*-~miW 

in  which  on  the  right  side  there  appears  the  d'Alembert  forces  of 
inertia  as  a  "load"  on  the  shaft.  The  rotation  around  the  axis 
through  the  center  of  gravity  of  an  element  cut  by  two  planes  at 
right  angles  to  the  axis,  occurs  with  constant  angular  velocity,  be- 
cause we  wish  to  assume  an  equilibrium  of  the  turning  moments. 
The  two  equations  are  therefore  sufficient ;  from  them  y  and  z  are 
to  be  so  determined  for  a  shaft  of  length  2/  supported  at  both 
ends,  that  for  x  =  l  we  must  have  y  =  0  while  z—%.  Here,  f  is 
the  instantaneous  deflection  of  the  periodic  vibration  of  the  founda- 
tion, which  is  maintained  by  the  elastic  reaction,  a  £  of  the  bed ; 
and  by  the  shearing  force  of  the  shaft  (exerted  at  its  end  cross- 
section)  acting  on  the  mass  m'  of  the  foundation.  On  this  we  con- 
struct the  corresponding  laws  of  motion,  and  in  addition  observe 
that  with  x  =  l  the  bending  moment  disappears  for  the  shaft  sup- 
ported at  both  ends.  For  the  simplest  case  of  a  symmetrical 
deflection  of  the  shaft,  and  a  sinuous  vibration  of  the  foundation, 
we  get  the  solution 

y  =  [a'  (ekx  +  e~kx  )  -f  V  cos  k  x]  sin  w  t 

z  =  [a  (ekx  +  e~Lr)  +  b  cos  k  x]  sin  (co  t  -f  e), 

in  which  e  is  a  value  dependent  upon  the  initial  conditions.  For 
the  constants  we  get,  as  the  eccentricity  is  made  =0,  finite  values 
only  at  the  critical  number  of  revolutions,  and  only  on  the  one  hand, 
for  the  vertical  vibrations,  when 

hyp.  tan  (k  I)  -  tan  (k  I)  =  2/3     .     .     .     .     (1) 
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in  which 


k4  =  Wl      • 


J  E  JEk3    ' 

on  the  other  hand,  for  the  horizontal  vibrations,  when 


cos  k  I  =  0 


(2) 


In  the  case  here  assumed,  the  foundation  yielding  in  o?ily  one 
direction,  we  get  two  series  of  critical  numbers  of  revolutions  ;  one 
for  the  vertical  deflections  of  the  shaft,  the  other  for  the  horizontal 
deflections.  The  synchronousness  of  rotation  with  the  sympathetic 
vibration  of  the  foundation,  that  is,  m'  co2  —  a  =  0,  gives  in  itself  no 
critical  number  of  revolutions. 

If  we  assume  the  foundation  as  uniformly  elastic  in  all  direc- 
tions, equation  1  still  holds  good,  as  can  be  proved ;  and  further,  we 
obtain  the  interesting  fact,  that  with  resona7ice  the  shaft  rotates  as 
though  it  were  entirely  free,  neglecting  the  force  of  gravity  (as,  for 
instance,  with  vertical  machines). 


74.  CONDITIONS   FOR   STABILITY  OF  EQUILIBRIUM 
BEYOND   THE   CRITICAL  VELOCITY. 

Let  us  consider  a  single  disc  having  no  lateral  oscillations.     In 
Fig.  225,  5  is  the  center  of  gravity  of  the  disc,   W  is  the  point  of 

application  of  the 
y\        nt.  /..  load      bending      the 

shaft,  D  the  projec- 
tion of  the  geometri- 
cal rotating  axis.  We 
shall  neglect  the 
presence  of  other 
rotating  masses  on 
the  shaft.  If  we  have 
relative  equilibrium,  S 
would  lie  on  the  con- 
necting line  O  W  at 
a  distance    p0,  which 


Fig.   225. 
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may  be  determined  by  letting  the  centrifugal  force  m  p0  a)02  equal 
the  elastic  resisting  force,  a  (e  +  /o0),  as  before,  and  get 

a -5=7=5 W 

The  angle  </>  is  determined,  so  long  as  equilibrium  exists,  by  the 
uniform  velocity  a>0,  and  is  designated  by  <£0,  so  that  <j>0  =  oo0t,  in 
which  t  stands  for  time.  The  remaining  forces  acting  upon  the 
disc  are  kept  in  equilibrium  ;  and  above  all,  we  may  imagine  that 
the  driving  steam  force  imparts  a  pure  moment,  that  is  balanced  by 
a  corresponding  torsion  of  the  shaft,  and  which  is  transmitted  to 
the  working  machine,  which  we  shall  assume  as  without  mass.  In 
order  to  test  the  stability  of  the  dynamical  equilibrium,  we  must 
increase  by  infinitely  small  functions  of  the  time,  and  by  deriving 
the  equation  of  motion,  the  parameter,  through  which  the  motion 
under  normal  conditions  is  represented;  that  is,  p0,  <f>0  and  the 
angle  of. O  S  and  5  W  (which  originally  =  0).  Fig.  225  represents 
a  position  of  such  a  changed  condition  of  motion,  in  which 


p  =  pQ  +  z 


(2) 


where  z,  e,  r  represent  infinitely  small  values. 

For  the  equations  of  motion,  p,  <f)  and  ^  are  to  be  taken  as  varia- 
bles,* and  we  must  first  investigate  the  motion  of  the  center  of 
gravity.  The  former  follows  as  if  the  disc  mass  were  placed  as  the 
center  of  gravity,  and  all  forces  applied  there.  The  elastic  force  P, 
Fig.  225,  is  =  a  WO  ;  but  as  WO  is  the  distance  of  the  resultants 
of  WU  and  UO,  in  which  WU  is  perpendicular  to  I/O,  so  can 
this  force  be  taken  as  the  resultant  of  the  forces  P^  =  a  Wt7  and 
Pp  =  a  O  U  with  their  corresponding  directions.  Because  of  the 
small  values  of  r  and  a 


*  It  follows  from  the  choice  of  the  variables,  specified  by  the  nature  of  the  problem, 
that  we  can  advantageously  make  use  of  the  so-called  general  Lagrange  differential 
equations,  which,  in  fact,  give  without  trouble  the  elementary  formulae  derived  below. 
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(3) 

which  forces  may  be  transposed  to  the  center  of  gravity. 

To  find  the  change  of  p  we  shall  observe  the  relative  motion  of 
the  center  of  gravity  in  a  radial  slot  (without  weight),  rotating 
with  the  radius  vector.  In  order  to  accomplish  this  we  must  add 
the  supplementary  forces  of  relative  motion,  of  which  only  the  "cen- 
trifugal f orce  "  m  p  ( -J- )  enters  into  consideration  for  the  motion 
referred  to,  and  we  get 

mw  =  mp[-dt)-a(e  +  p) (4) 

To  what  remains  we  shall  apply  the  law  of  the  absolute  motion 
of  the  center  of  gravity  about  0  [that  is,  we  say  that  the  derivative 
of  the  "impulse  moment  "  (moment  of  momentum)  with  respect  to 
the  time,  is  equal  to  the  moment  of  the  external  forces],  and  get 

i{mp2dI)  =  -p*p=-aeTp  ■  •  ■  ■  (5) 

For  the  motion  about  the  center  of  gravity,  the  moment  force 
=  a  WO  e  sin  (t— a),  or  after  slight  transformation  =  a  e  r  p  ;  if  then 
<5)  denotes  the  mass  moment  of  inertia  of  the  disc  about  S,  then  is 

®-^  =  aeTP (6) 

In  the  equations  4,  5,  and  6  the  values  in  equation  2  must  be 
placed ;  develop  them  according  to  z,  e,  and  t,  and  strike  out  all 
higher  powers  than  the  first.  If  we  then  insert  the  critical  veloc- 
ity 

,>  2  « 

m 
and  substitute  the  notation 

,.,2 


2  =  1-  A (7) 
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so  that  p  is  represented  in  the  form 

Pi)=—^-e (8) 


we  get  for  #,  e,  and  r  the  linear  equations 
dh       *     2     .   a         de 


0      dz  d2e  ,_,        5,^     9 


d2e       d2r       (1  -  B)< 


dt2  +  ^2 


CO. 


(9) 


3       v  © 

The  solution  follows  through  the  known  relations 

z  =  a  e$ 


t  =  c  e0xt, 


in  which  (in  order  to  distinguish  it  from  e)  e0  is  the  base  of  the 
natural  logarithms.  This  substitution  gives  for  X,  after  abbreviat- 
ing with  X2,  the  biquadratic  equation, 


in  which 


B 


X4  -f  2  B  to2  X2  +  C  mf  =  0 


(10) 


l>"  = 


_  (4-S)(l-S)22| 


.  (11) 


I  q  =  radius  of  gyration. 

The  equilibrium  is  stable  when  the  values  z,  e,  r  remain  small 
for  the  entire  duration  of  the  motion  ;  therefore  X,  when  real,  may 
not  become  positive  ;  when  complex,  the  real  part  must  be  negative. 
This  demands  *  that 


B>0         C>  0         B2-C>  0  . 


(12) 


For  small  values  of  B,  we  may  approximately  replace  the  condi- 
tions by  the  condition  that 


*  See  Routh,  Dynamik  II,  §  289. 
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S*>4-2 (13) 


If  the  ratio  of  the  radius  of  gyration  to  the  eccentricity  e  is  very 
large,  then  v2  would  have  a  very  small  value,  and  stability  will 
occur  at  very  small  excess  over  the  critical  velocity.  This  is  the 
occurrence  in  practically  all  cases.  But  if  the  moment  of  inertia  is 
negligibly  small,  S  =  0  ;  then  the  equilibrium  is  unstable,  and  the 
simultaneous  e  =  0.  The  value  of  the  moment  of  inertia  is  there- 
fore of  vital  importance,  and  must  be  taken  into  account  by  making 
experiments.* 

The  stability  of  a  uniformly  loaded  shaft  can  also  be  investi- 
gated in  this  manner.  We  can,  for  instance,  to  simplify  the  cal- 
culation, assume  that  the  eccentricity  varies  according  to  a  sine 
function,  so  that 

e  =  em  sin  kx , 

and  that  the  coordinate  origin  lies  in  the  same  end  of  the  shaft, 
whereby  k  =  -  and  /  is  the  length  of  shaft.  The  centers  of  grav- 
ity of  all  discs  might  lie  in  a  plane  ;  the  masses  m\  per  unit  length 
are  unchangeable.  It  is  necessary  to  take  into  account  the  shaft's 
deflection,  not  only  in  the  plane  of  the  center  of  gravity,  but  also 
in  that  at  right  angles  thereto.  The  solution  of  the  general  equa- 
tions of  motion  can  be  accomplished  for  the  case  where  we  consider 
such  an  oscillation  about  the  position  of  equilibrium  that  the  shaft 
will  only  deflect,  but  does  not  experience  any  rotation  ;  and  for  the 
assumption  that  the  moment  of  inertia  %Y  of  the  disc  referred  to 
unit  length,  comply  with  the  law  ©,  =  %m  sin2  k  x.  If  we  place,  as 
before, 


£  =  1  —  (  -  M    and  v  = 


H 


then,  in  these  expressed  values,  exactly  the  same  conditions  of 
stability  hold  good  as  for  a  simple  disc  of  mass  mx  and  moment  of 
inertia  %m.  The  calculation  is  nevertheless  too  cumbersome  to  re- 
peat here. 


*  Sanford  A.  Moss,  in  a  thesis  for  his  doctor's  degree  at  Cornell  University  (printed 
in  May,  1908),  after  the  publication  of  the  above  investigation,  thought  to  have  simpli- 
fied the  calculation  by  assuming  e  infinitely  small.  The  final  formulas  derived  by 
Moss  are  therefore  mathematically  not  correct. 
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75.  GYROSCOPIC  ACTION   OF  THE   MARINE   TURBINE, 

The  revolving  turbine  masses  constitute  a  high  rotation  which 
imposed  upon  these  masses  a  forced  motion  during  the  pitching  of 
the  vessel,  or  while  making  a  sharp  turn,  by  which  reaction  forces 
are  created  in  the  bearings,  whose  values  it  may  be  well  to  investi- 
gate for  reasons  of  safety. 

A  purely  vertical  swinging  places  upon  the  turbine  shaft  only 
the  demands  of  the  forces  of  inertia,  which  can  easily  be  found  as. 
the  product  of  the  mass  of  the  wheels  and  the  maximum  accelera- 
tion. The  value  of  the 
velocity  reached  by 
these  oscillations  is 
entirely  without  influ- 
ence. It  is  quite  dif- 
ferent with  a  rotating 
oscillation,  as  is  caused 
by  the  ship's  pitching. 
In  the  highest  and  the 
lowest  position  of  the 
shaft,  the  shaft  is  bent 
in  a  vertical  plane  by 
the  forces  of  inertia ; 
on  account  of  the  vary- 
ing slope  of  the  ship's 
hull,  there  occur  also 
deflections  in  a  horizon- 
tal plane  peculiar  to 
the  high  rotation.  We  shall  concern  ourselves  only  with  the 
latter,  and  imagine  the  turbine  masses  represented  in  Fig.  226 
by  a  rotating  disc  vS  about  the  X  axis.  The  axis  horizontal  at  the 
time  t  —  0,  has  turned  after  the  time  dt,  through  the  angle  dcf> 
which  is  designated  by  the  angular  velocity  e  while  turning  about 
the  Faxis.  The  rotation  about  the  actual  turbine  shaft  occurs 
with  the  constant  angular  velocity  co.  It  is  necessary  to  observe 
that  the  occurring  bending  moment,  as  a  matter  of  fact,  turns  about 
the  Z  axis.  To  accomplish  this,  we  must  further  observe  that  the 
velocity  components  in  the  direction  of  X  change  exceedingly  little 


36-4      SPECIAL   PROBLEMS  OF    THEORY  AND   CONSTRUCTION. 

in  the  territory  of  the  point  of  resolution  lying  at  B,  therefore  only 
very  small  accelerating  forces  in  the  horizontal  direction  need  act 
on  this  point.  On  the  other  hand,  the  mass  point  at  A  is  forcibly 
drawn  away  from  its  direction  of  motion  by  the  varying  slope  of 
the  wheel  disc,  and  describes  a  path  concave  to  the  positive  direc- 
tion of  X.  An  accelerating  force  is  now  necessary  in  the  negative 
direction  of  X,  whose  sum,  with  the  opposite  force-components, 
gives  a  rotating  moment  about  the  Z  axis  in  the  direction  shown  in 
the  figure,  which  must  be  carried  over  to  the  outside ;  that  is,  by 
means  of  the  bearing  pressure  on  the  shaft. 

For  numerical  calculation,  the  law  of  Mechanics  serves,  that 
the  increase  of  the  moments  of  the  value  of  momentum  (the 
"impulse  moment  ")  per  unit  time  (that  is,  the  derivative  of  the 
impulse  moment  with  respect  to  the  time)  is  equal  to  the  external 
force-moments  turning  about  the  given  axis.  At  the  time  t  —  0  the 
impulse  moment  for  the  Z  axis  =  0,  for  the  X  axis  =  ©Oo),  in  which 
©0  is  the  mass  moment  of  inertia  for  this  axis.  After  the  time  dt 
the  impulse  moment  for  the  X'  axis  at  a  slope  d<f>  is  still  <d0co  ;  and 
we  resolve  the  same  into  the  components  S0co  cosdcj>  and  S0co  sin  d<f>. 
The  latter  constitutes  the  increase  of  impulse  moment  for  the  Z 
axis  during  the  time  dt,  and  therefore  we  may  write  the  equation 


©Oor)  sin  d<f>  —  Nothing     ^     d<j> 
dT  ~  =  HoC°~di 


and  we  obtain,  with  e  =  —  ,  the  equation 

dt 


9It,  =  eoo>e (1) 

in  which  9H2  is  what  Stodola  calls  the  (Kreiselmoment)  rotary 
moment.  The  angular  velocity  e  is  during  the  time  T  an  entire  (to 
and  fro)  oscillation  of  the  ship's  hull,  and  the  amplitude  <f>0  is  de- 
termined by  the  angle  of  slope  from  the  formula 

.  =  ^» (2) 

When  the  ship,  during  manoeuvre,  executes  a  sharp  turn,  then 
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e  is  to  be  taken  as  the  angular  velocity  about  the  Z  axis,  and  the 
centrifugal  moment  turns  about  the  T  axis.  With  a  many-stage 
turbine,  with  closely  placed 
individual  wheels,  Fig.  227, 
there  ensues  a  remarkable 
stress  on  the  shaft  due  to  the 
sum  of  the  9H^.  The  indi- 
vidual moments  ^llz  call  forth 
in  the  bearings  two  equally 
large  forces  opposite  in  direc-  Fig.  227. 

tion,   whose    moment   is  equal 

to  the  sum  of  9U2.  In  going  from  the  bearing  positions  the  sum  of 
9U2  increases  as  uniformly  as  the  moments  of  the  bearing  pressures, 
so  that  the  shaft,  no  matter  how  long  it  may  be,  is  only  brought 
under  stress  by  the  shearing  force  P. 


76.    CRITICAL     VELOCITY    OF     THE    SECOND    DEGREE, 

CAUSED   BY   THE    DEFLECTION    OF   A   UNIFORM 

SHAFT,    DUE   TO    ITS  OWN   WEIGHT. 

A  shaft  supported  horizontally  at  the  points  Ax  and  Blt  Fig. 
228,  is  deflected  while  in  a  position  of  rest  under  the  influence  of 
its  own  weight.  If  the  shaft  is  rotated  very  slowly,  this  form  re- 
mains unchanged,  because  the  compressed  upper  fiber  A2B2  has 


_-zrd  — 

I 
I 

Fig.  228. 


time  to  follow  the  bending  stresses  and  to  become  elongated,  so 
that  after  one-half  revolution  it  has  assumed  the  length  AXBX. 
But  if  the  rotation  velocity  becomes  greater,  mass  inertia  enters 
into  the  problem,  and,  as  a  consideration  will  show,  with  the  result 
that  the  deflection  increases  up  to  a  critical  velocity,  then  again 
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decreases.  The  fiber  A2B2  begins  to  elongate  in  the  highest  posi- 
tion, and  a  part  of  its  accumulated  stress  energy  is  utilized  for  the 
acceleration  of  its  mass  particles  in  a  horizontal  direction.  In  the 
middle  position  A0B0  these  particles  possess  the  maximum  velocity 
symmetrically  distributed  in  the  vertical  plane  through  the  middle 
of  the  rod,  therefore  also  the  maximum  kinetic  energy,  which  acts 
upon  the  fiber  as  a  strong  tension  during  the  next  quarter-turn,  as 
is  demanded  by  the  pure  bending  stresses.  But  when  the  time  of 
revolutions  reaches  the  value  corresponding  to  the  simple  longitudi- 
nal oscillations  of  the  fiber,  then  the  so-called  "resonance"  occurs; 
that  is,  the  impulse  increases  during  each  period,  and  the  critical 
number  of  revolutions  has  been  reached.     The  longitudinal  oscilla- 


Angu/ar  0e/ 


Fig.  229. 


tions  of  a  fiber  depend  only  upon  the  length  and  material  of  the 
shaft,  and  it"  follows,  a  priori,  that  the  critical  number  of  revolutions 
is  independent  of  the  diameter  of  the  shaft.  If  this  velocity  is  ex- 
ceeded, the  fiber  is  forced  into  a  too  high  oscillation,  so  that  it  has 
"  no  time  "  to  expand  sufficiently,  and  the  shaft,  for  this  reason, 
straightens  out  more  and  more. 

The  value  of  the  critical  number  of  revolutions  is  found  by  the 
following  abbreviated  calculation.  Let  dm  in  Fig.  229  be  a  mass 
element  at  a  point  P  of  an  infinitely  thin  disc  cut  out  of  the  shaft, 
that  is  bounded  by  two  planes  at  right  angles  to  the  elastic  curve. 
The  distance  of  the  center  of  gravity  of  the  disc  from  the  coordi- 
nate origin  is  x ;  the  very  small  assumed  ordinate  of  the  elastic 
curve  =  y.  The  length  of  dm  is  determined  by  the  coordinates  rj  £ 
of  the  side  view;  its  distance  from  the  plane  at  right  angles  to 
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shaft's  axis  at  the  coordinate  origin,  is  x  -f  f .     As  the  slope  of  the 

elastic  curve  at  the  point  P0  is  given  by  ~,  we  get 

ax 

«■-•<£ (1) 

Counting  the  angle  of  rotation  from  the  horizontal,  then 

f  =  p  sin  (/>  =  p  sin  co  t (2) 

and  f  varies  also  as  sin  <o  t.  Consider  now  the  inertia  forces  in 
*he  direction  of  the  X  axis,  which  are  obtained  from  the  product  of 
dm  and  the  negative  horizontal  acceleration  of  the  mass  particles ; 
that  is,  by 

,~  j     tfi(x  +  %)  ,     d2%       ,    ,       2  dy 

dQ  =  —  dm  — v  ,  „     '  =  —  dm  —4  =  +  dm  o>-  p  sin  (o  t.  ~ 

dtl  dt2  dx 

=  dma>*dft; (3) 

dx 

If  the  inertia  forces  are  applied  to  each  mass  element,  then  equi- 
librium must  exist  between  their  sums  and  the  external  forces.  On 
the  infinitely  thin  disc  under  consideration,  there  act  as  external 
forces  the  shearing  forces  S'  and  5,  the  bending  moments  M  and 
M',  and  the  force  of  gravity  7!  dx  (yx  denoting  the  weight  per  unit 
length).  The  components  of  the  forces  of  inertia  at  right  angles  to 
the  axis  are  in  equilibrium  (they  strain  the  shaft  radially),  and  the 
horizontal  components  exert  the  moment 


d?Xl=  fdQ£=    fdmco*ctl;z  =  cD*fiJ(t.  dx  .     .     (4) 
J  J  dx  dx 


in  which 


ty 

/iis  the  specific  mass  =- 
g 

J  is  the  cross-section  moment  of  inertia  of  the  rod. 
Equilibrium  demands  that 

M'  -M+  S'^  +  S^+d9H=0      .     .     .     (5) 

—  — 
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S'  -  5  -  7!  dx  =  0     . , (6) 

or,  what  is  the  same  thing, 


dM      dm,s==0.  dS  = 

dx        dx  dx 


•     (?) 


x,  doing  away  with-—*,  and  using  the  bending  equation  that  always 
dx 


If  we  differentiate  the  first  of  the  above  equations  with  respect  to 
x,  doing  aw; 
holds  good, 

and  we  get 


M=  J  E 


dx2 


dfy_      t^cc?(Py_        7i 
dx4^    E    dx2      JE 


0 


(8) 
(9) 


as  the  differential  equation  of  the  problem. 
Letting 


X  =  (o 


E} 


C  = 


/JLW rj 


(10) 


the  solution  reads 


C  x2  A  B 

y  =  —  -»-  +  C1x  +  C2-r2cosXx--2  sin  X  x  .     (11) 


In  the  above,  A,  B,  Cx ,  and  C2  are  arbitrary  constants  determined 
by  the  limit  conditions. 


x  =  0  is  y  =  0  and  —  =  0 
dx 

x  =  I  is  M  =  0,  that  is,  ^  =  0 
dxz 


(12) 


and  y  must  be  a  symmetrical  function  of  x.     From  this  follows 
B  =  0,  6i  =*  0 

4 


C2= 


X2 


cos  &/ 


(13) 


CRITICAL    VELOCITY   OF   THE   SECOND    DEGREE.  369 

so  that 

y  =  —, ; — -(1— cos\#) X2      .     .     .     (14) 

Infinitely  large  values  of  y,  that  is,  critical  velocities,  occur  when 
cos  (\/)  =0,  that  is 

The  smallest  value  of  the  critical  velocity  is 


7T         IE 

'*  ~  21 


•~v~ 


and,  as  has  been  said,  independent  of  the  shaft  diameter;  and  for- 
tunately so  high,  that  only  with  long  shafts  can  it  come  into  consid- 
eration. 

We  can  easily  prove  that  the  duration  of  the  free  longitudinal 
oscillations  of  a  rod  of  length  2  /  corresponds  with  the  duration  of 
one  revolution  at  the  velocity  o)^..* 

The  critical  velocity  is  much  lower  with  a  shaft  loaded  by 
closely  spaced  discs,  in  which  the  discs  greatly  increase  the  inertia 
resistances  of  the  shaft  compared  to  the  oscillations  about  a  verti- 
cal line  at  right  angles  to  the  turning  axis.  Equation  4  would  be 
here  expressed  : 

d$\i  =  *r  fi  dx  (J  +  /')  d]       .      .      .      .      (16) 

ax 

in  which  /jl  J'  is  the  mass  moment  of  inertia  of  the  discs  referred  to 
a  shaft  of  unit  length  for  an  axis  at  right  angles  to  the  shaft.     Sim- 


*  The  differential  equation  of   the  longitudinal  oscillation  of  a  straight  prismatic 
rod  is 

u  =  It  — 

8  t-  5  .r:' 

in  which  £  stands  for  the  elongation  of  the  rod.  If  we  let  $  =  a  cos  a>/,  in  which  a 
depends  only  upon  x,  we  get  for  the  rod  of  length  2  /  held  fast  in  the  middle  and  hav- 
ing its  end  areas  without  stress 

£  =  asin  A  x  cos  oj  t 


and  X  /  =  u)  1 1  /  -  ,  =      as  above. 
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ilarly  for  yY  we  place  yx  +  7/  in  which  7/  is  the  weight  of  the  discs 
per  unit  length  of  axis.  The  method  of  integration  does  not  change, 
and  gives  for  the  freely  supported  shaft  of  length  2  /  the  critical 
velocity 

(17) 


The  effect  of  the  disc  is  therefore  the  same  as  if  the  specific 


mass  of  the  shaft  material  were  increased  in  the  ratio 


(/  +  J') 
J 


This  velocity  also  lies  in  general  very  much  above  the  critical 
velocity.  It  therefore  follows  that  the  critical  number  of  revolutions 
of  the  second  degree  need  not  be  considered  in  practical  problems, 
and  that  the  designer  need  not  search  for  its  presence  because 
under  certain  circumstances  the  shaft  behaved  unsatisfactorily. 


77.     TRANSMISSION  OF  HEAT  THROUGH  THE  CASING  AND 
SHAFT  OF  A  MANY-STAGE  TURBINE. 


The  casing  and  the  shaft  or  drums  of  a  many-stage  turbine 
form  a  good  conductor  of  heat  between  the  admission  and  conden- 
ser spaces,  or  an  intermediate  receiver. 
The  transmission  of  heat  and  the  drop 
in  temperature  caused  thereby  form  a 
loss  of  whose  value  the  designer  should 
be  aware. 

We  shall  take  under  consideration 
a  turbine  of  Parsons  construction,  and 
make  the  assumption  that  the  tempera- 

t    ture  of  the  walls  is  identical  at  every 

place  with  the  temperature  of  the  steam 
flowing  past  that  point.  This  assump- 
tion is  practically  true  with  saturated  steam,  because  the  coefficient 
of  conductivity  between  such  steam  and  iron  is  very  large  ;  and 
here,  where  the  flow  velocity  consists  of  hundreds  of  meters,  we 
can  neglect  the  temperature  drop  all  the  more  because  the  trans- 
mitted  heat   is   small.     We   shall   imagine   the   casing  and   drum 


Fig.  230. 
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stretched  out  in  a  straight  rod  of  given  variable  cross-section  (Fig. 
230)  whose  surface  temperature,  r,  is  a  function  of  the  distance  x 
calculated    from   the  known  distribution  ;  that  is, 

t  =  <t>  (*) (!) 

The  temperature  t',  at   the   distance  x  +  dx  (taken  algebrai- 
cally), determines  the  temperature  drop 

t'  —  r       dr 


dx         dx 

at  that  place,  and  the  quantity  of  heat  that  flows  through  the  cross- 
section  F  at  a  distance  x  in  unit  time  is 


Q-— x*s (2) 


in  which  X  is  the  specific  conductivity.     Through  the  cross-section 
F  at  distance  x  +  dx  there  passes  the  heat 

Q.'--""£ (3) 


The  difference  (/^  —  <2.r  is  furnished  by  the  outside  surface  of  the 
steam,  and  is  designated  as  Qdx,  in  which  Q  is  the  heat  imparted 
to  the  casing  by  the  steam  per  unit  length  in  unit  time.  The  heat 
transmitted  to  the  outside  by  radiation  may  as  a  first  approximation 
be  calculated  independently.     We  have  therefore 

which  expression  may  also  be  written  in  the  form 

The  differential  quotient  can  easily  be  found  graphically,  and  per- 
mits the  determination  of  the  change  of  heat  between  wall  and 
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steam  at  every  point  of  the  casing.  In  general,  Q  is  always  posi- 
tive ;  that  is,  heat  is  taken  from  the  steam  during  the  entire  course 
of  its  flow.  The  total  heat  Q^  taken  up  by  the  walls  per  unit  time 
is  especially  simple  to  calculate.     It  is,  namely, 

e»  =  ,/W-+(e,),.=0 

integrated  over  the  entire  length  of  the  "  rod." 

The  first  part  is  taken  up  during  the  flow  ;  the  second  comes 
through  conduction  from  the  steam  chamber.     We  get 

«- -*■(£>„, -*©„><«•>.=.  ■  ^ 

in  which  Fx  is  the  exit  cross-section  and  F2  the  final  cross-section  of 
the  "rod  "  represented. 

But  if  we  insert  the  value  of  equation  2,  we  get  simply 

«•  — x**fiL (5"} 

which  expression  might  have  been  written  without  any  calculation. 
The  pressure  /  decreases   often  linearly  with  x.     In  this  case 
we  would  introduce  the  derivative  of  the  pressure  with  respect  to 
coordinate  x  into  the  formula  by  the  notation 

dr  =  dr  dp        and        dp  =  f^-fa 
dx      dpdx  dx  I 

which  will  lead  to  the  expression 


in  which  p  is  expressed  in  atmospheres,  even  if  so  understood  in 

dp 

The  derivatives  are  approximately  determined  from   the   steam 

tables.     For  instance,  if  p2  =  0.1  kg.  per  sq.  cm.,  r  =  45.58  ;  for 
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/,'  =  0.2;  t'  =  59.76,  so  that  ^  =  —  =141.8.    Let /=  2  meters,  and 
7 "  dp      Ap 

\  —  50  heat  units  per  sq.  meter  hour,  with/1  =  10  atmospheres  and 

7^2  =  0.25  sq.   meters   which   corresponds  to  quite  a  large  turbine. 

Formula  hb  gives 


<20  =  50  1Q       Q1  0.25  •  141  •  8  =  about  8  800  heat  unit  hours. 


With  good  lagging,  the  amount  of  heat  conducted  and  radiated 
to  the  outside  would  be  equally  large.  As  this  example  refers  to  a 
turbine  of  over  1  000  h.  p.,  we  may  take  the  heat  thus  lost  at  full 
load  as  a  very  small  correction.  At  no  load  this  value  would  be  of 
considerably  more  importance,  but  the  loss  of  heat  on  account  of 
the  decrease  of  temperature  on  all  sides  will  be  considerably  less. 

For  the  case  of  superheated  steam,  the  calculations  must  be 
made  more  exactly;  that  is,  taking  into  consideration  the  coefficient 
of  surface  conductivity,  which  will  lead  to  a  complicated  differential 
equation  of  the  second  order. 


78.     THE  DIFFERENTIAL   EQUATION   FOR   PRESSURE 

DISTRIBUTION   IN  A   MANY-STAGE   AXIAL 

REACTION   TURBINE. 

While  the  design  of  a  new  turbine  causes  little  trouble*  as  soon 
as  the  fundamental  principles  are  understood,  we  may  say,  inversely, 
that  the  question  of  the  performance  of  this  turbine  with  consider- 
ably different  load,  presents  a  problem  whose  solution  is  scarcely 
reliable.  In  the  latter  case,  the  peripheral  velocity,  the  angles,  and 
the  cross-sections  are  given,  from  which  the  absolute  values  and 
the  distribution  of  pressure  are  to  be  found.      It  is  possible  to  get 


*  This  statement  has  been  falsely  taken  up  by  the  critics,  as  though  the  author  did 
not  recognize  the  considerable  difficulties  which  the  constructive  design  presented  in 
all  parts,  when  safety  of  running  is  considered.  From  the  general  sense  we  see  that 
we  were  only  concerned  with  the  determination  of  the  power,  that  is,  the  work  of  the 
steam,  and  the  fundamental  turbine  dimensions  depending  upon  it.  In  fact,  for 
practical  success,  as  repeatedly  demonstrated  by  experience,  we  are  more  concerned 
with  the  greatest  care  in  construction  than  with  any  secret  "  wrinkle,"  and  obviously 
no  blunder  should  be  made  against  the  old-established  rules  of  machine  construction. 
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mathematically,  in  certain  simple  cases,  a  comparative  comprehen- 
sion of  these  occurrences  which  is  perhaps  worth  stating. 

In  Fig.  231  is  represented  a  velocity  diagram  of  a  given  wheel. 
Let  c2*  be  the  velocity  with  which  the  steam  leaves  the  preceding 


Fig.   231. 


rotating  wheel.  The  fundamental  equations  for  the  guide  and 
rotating  wheels  can  be  written,  according  to  formula  3c,  Article  14a, 
in  the  form 


r  2 

/•  ^2 

—  c2 

H 

-A 

dp- 

-Ru 

W-2 

2 

—  Wi 

2£ 

dp- 

■Rt. 

Addir 

ig  we 

get 

c,2- 

r  *2 

—  c2 

.  W  - 

-  U>i 

r. 

u  di? 

R 


Ar 


Ar 


(1) 


To  bring  into  the  calculation  the  losses  R  due  to  friction,  we 
multiply  the  integral  with  a  factor  e,  which  is  smaller  than  1,  and  is 
taken  equal  for  all  turbine  wheels.  We  determine  e  so  that  the 
sum  of  the  work  of  friction  of  the  entire  turbine  is  correctly 
obtained  ;  that  is,  we  let  €=0.75  to  0.60.  The  assumed  variability 
of  these  values  influences  then  only  the  distribution  of  the  resist- 
ances. In  going  from  the  case  of  one  load  to  the  case  of  another, 
e,  strictly  speaking,  would,  of  course,  also  change  its  value,  because 
of  the  changed  velocities  and  the  steam  entrance  which  is  not  free 
from  shock. 
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On  the  left  side  we  will  substitute  temporarily  for  c2*  the  some- 
what larger  exit  velocity  from  the  rotating  wheel  under  considera- 
tion, that  is,  c2f  and  obtain 

•2  -  /2,    r  2  .     r  2  __  r  /2 "  ,     r  1  .     „.,  2  _   „..  ri.     ,         2  .     _     2  _  _,    /2     ,      _  2  . 

solving  for  the  difference  of  squares  we  get  for  the  left  side, 

A-  Ifo'  +  c2')  fa'  -  c2')  +  (w,'  +  w/)  (Wk'-WiOl 

from  which  we  get,  on  account  of  the  equality  of  the  angles  a 
and  a2  because  w2  =  cl  and  wx=  c2,  the  equation 


-  (zcj  cos  a  —  #). 


As  this  value  is  too  small  on  account  of  having  substituted  the  too 
large  value  c2,  we  multiply  by  a  factor  B>  1,  which  is  also  taken  as 
a  constant  mean  value,  and  differing  very  little  from  1.  The 
integral  on  the  right  side  can  be  simplified,  with  the  slight  pressure 
difference  p  —  p",  to  its  mean  value 


vdp  =  —v(jf'—  p). 


If  the  initial  pressure  for  each  turbine  wheel  is  drawn,  as  in  Article 

29,  as  ordinates  at  a  distance  A  x,  and  if  we  connect  the  points  thus 

j/'  —  /> 
derived  by  a  uniform  curve,  then  £ 1  can  be  approximately  re- 

A  x 

placed  by  the  differential  quotient  -?. 

dx 

Then 


_    fv  dp=  -  v  P~    -*  Ax=  -v^Ax     .     .     .     (2) 

Jp  Ax  dx 

We  now  insert  as  an  independent  the  value 
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x 
2  =  — (3) 

Ax  v    ' 

which  represents,  as  can  be  seen,  if  we  choose  such  abscissae 
lengths  x  that  z  is  a  whole  number,  the  number  of  turbines  passed 
through  at  this  time.     Then 

dp        _  dpdz         _  dp 
dx  dz  dx  dz 


The  fundamental  equation  then  is 


ev-f-  =  S-(2ci  cos  a  —  it) (4) 

dz         g 


and  is  the  differential  equation*  of  our  problem. 

*  We  can  also  use  this  solution  for  the  interesting  problem  of  the  design  of  a  tur- 
bine with  constant  cross-section  of  flow  for  all  wheels. 

From 

and 

Gv=f1ct 

is  obtained 

>  +  '-£-/r (1> 

We  shall  introduce  for  the  time  the  new  variable 

1 
J  =  Z 


and  obtain  with  the  assumption  that /i  =  constant, 

dy        5  u2    /2  cos  a        \ 

-irrf>(— — 'J <-> 

from  which  is  obtained,  even  if  «  is  considered  =  constant, 

(2  cos  a 


and  j/a  stands  for  the  initial  value  of  ^. 
The  solution  gives 

/  =  2cosa_    (^.^/F^ (4) 
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To  make  an  integration  possible,  we  must  assume  the  condition 
equation  of  the  steam  in  the  simplified  form 

(p±/3)v  =  K (5) 

which  for  our  purposes  is  sufficiently  close  to  the  exact  value.    We 
get  rid  of  cx  through  the  equation  of  continuity 


Gv=/cx     . (6) 


and  obtain 


d  (p  +  J3\  _     hu^  fp  +  g\      2  8  cos  a  u_ 

dz\    G     )      eKg\     G    r         eg       f  '     '     V) 


As  in  general,  up  to  10,  or  even  20  stages,  the  exponent  is  considerably  smaller  than 
1,  we  can  solve  and  neglect  the  higher  powers.  If  cla  is  the  first  velocity,  and  cu  an 
intermediate  velocity,  we  have  the  simplified  formula 

cu , 

Clz       ,        5  u  (2  cos  a  cu  -  «)      "      '      "      "      '      '      '      K  ' 

1 — z 

eAg 

We  could  also  divide  the  turbine  into  groups  of  z\ ,  z-z etc.,  wheels,  each  with 

constant  cross-section,  and  obtain  for  each  group  a  final  velocity  c\e,  calculated  from 
the  first  arbitrary  value  c\a.  The  intermediate  values  must  change  according  to  the 
hyperbolic  law.  As  the  formula  represents  only  an  approximation,  we  must  at  the 
end  of  the  process  make  a  check  calculation. 

The  turbine  designer  who  has  recourse  to  more  nearly  exact  values  from  observa- 
tion with  constructed  turbines,  can  bring  these  results  to  correspond  closely  with 
practice.  By  taking  from  the  first  design  the  values  of  the  pressures  and  the  specific 
volumes  for  entrance  to  and  exit  from  single  successive  groups,  the  equation  of  con- 
tinuity can  be  written 

G   =  f\a  C\a   =  flaJVu   =  f'2a    ™-la   =  fib  C\b  =     .     .     . 
Via  V\a  V-la  VXb 

(in  which  corresponding  cross-sections  and  velocities  are  denoted  by  the  same  signs 
and  from  this  calculate  the  more  nearly  exact  values  c\a ,  iuu ,  %,  c2a,  en,  wib-  •  • 
With  these  values  we  get 

,  ^"162  -  C-2a2     ,     W-262  -  Wlb2 

,  Cu2   —  C2b2     ,     W-2c2   —  Wu2 

"'  =  ~2j~  +  — 27— 

which  are  the  more  nearly  exact  values  of  the  individual  "  drop,"  from  which  the  mean 
value  hm  may  be  taken  and  the  corrected  number  of  stages  Zq  calculated.  We  must 
also  observe  the  somewhat  larger  drop  in  going  from  the  last  wheel  of  one  group  to 
the  first  wheel  of  the  next  larger  group.  Finally,  with  the  Parsons  design  we  may 
take  into  consideration  the  quantity  of  steam  flowing  through  the  balancing  pistons  by 
suitably  decreasing  G  at  the  place  referred  to. 
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In  this  are 


2  8  cos  a  w 


+oo 


given  (represented  by  a  drawing)  functions  of  z,  and  the  general 
integral  form  of  equation  7  can  always  be  found. 
If  we  place 

<£>  (#)  =  eJo 


*/0     <P  (£) 


which  expressions  are  also  graphically  determined,  then 

in  which  C  is  an  arbitrary  constant.  The  introduction  of  the  ob- 
tained integration,  which  is  in  general  allowable,  gives  simple  val- 
ues at  the  limits. 

For  z  =  0,  p  should  =  p1 ;  that  is, 

h+J*  =  C&(Q)  -¥(0). 


But  as  4>  (0)  =  1,  ¥  (0)  =  0,  we  get 


and 


^  =  A+i«W-*(,) (8) 


For  5"  =  #0,  the  total  number  of  turbines  is  p  =  ^2>   we  have, 
therefore,  from  equation  8, 
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G=  *ft)  ....     0) 


As  <I>  (#0)  is  always  >  1,  and  /3  mostly  a  small  value,  we  may 
say  approximately 


and 


•   (10) 


from  which  formulae  is  deduced  the  following  law  : 

The  weight  of  steam  flowing  per  second  and  the  pressure  at  any 
one  place  of  the  turbine  are  approximately  (for  not  too  great  limits) 
proportional  to  the  initial  pressure  in  the  first  guide  wheel.  The 
steam  volume  entering  per  second  is  Gvx  =  constant,  therefore/!^ 
are  between  certain  limits  not  varying  greatly,  from  which  follozvs 
that  the  steam  velocity  in  the  first  turbine  remains  approximately  con- 
stant with  small  clianges  of  load.  The  last  exit  velocity,  and  with 
it  the  exit  losses,  decrease  equally  with  the  quantity  of  steam. 

The  influence  of  the  change  of  ?i  cannot  so  easily  be  seen.  If 
we  originally  are  working  with  a  velocity  u  (Fig.  232),  and  if  we 
go  over  to  the  larger  u' ,  then  cx  must  decrease,  because  if  cx 
should  remain  equal,  the  "  drop  " 


c*    .  w2~  —  u\ 


.       cx2  -  c? 


would  be  too  large,  and  the  vacuum  pressure  p2  would  occur  much 
earlier  than  after  the  last  rotating  wheel.  According  to  this,  G 
also  must  decrease.  On  account  of  this,  the  steam  friction  de- 
creases because  of  the  smaller  flow  velocities  in  the  cross-section, 
and  the  efficiency  would  mcrease.  Beyond  the  limits  where  c2  has 
an  axial  direction,  G  will  again  increase. 

In  like  manner  with  increasing  peripheral  velocity,  cY  and  G 
must  increase,  and  not,  as  it  would  appear,  without  limits,  because, 
if  such  were  the  case,  the  pressure  difference  which  would  be 
necessary  to  cause  the  first  entrance  velocity  cl  would  have  been 
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neglected.     But  with  very  small  peripheral  velocities  this  entrance 
drop  would  consume  a  considerable  part  of  the  pressure,  so  that,  in 


Fig.   282. 

combination  with  the  action  of  increased  resistances,  the  increase 
of  G  need  not  be  considerable. 


79.     RUNNING  LIGHT,   AND   THE    LIMIT  VELOCITIES    OF 
THE   MANY-STAGE  TURBINE. 

By  running  light  we  mean  the  condition  of  running  without  any 
load,  but  under  the  influence  of  the  governor  ;  that  is,  at  approxi- 
mately normal  speed  of  turbine,  where  the  governing  valve  has  full 
boiler  pressure  brought  to  it.  The  steam  consumption  of  running 
light  or  at  no  load  is  of  vital  importance,  because  practice  has 
shown  that  the  total  consumption  per  hour  increased  lineally  with 
the  effective  load.  By  giving  the  consumption  at  full  load  and  at 
running  light  we  can  find  also  the  economy  of  all  intermediate 
loads. 

The  consumption  of  feed  water  of  the  Parsons  Turbine  is  from 
10%  to  20%  of  the  normal,  as  can  be  seen  from  the  following 
table  taken  from  the  experiments  of  Stoncy,  which  have  already 
been  discussed. 

TABLE    3. 

STEAM   CONSUMPTION   OF   THE   PARSONS    TURBINE   RUNNING 

LIGHT. 


Power 

Corresponding  steam  consumption, 
Corresponding  steam  consumption, 
Consumption  running  light  . 
Consumption  running  light  . 
Consumption  running  light  . 


.     .     .       kw. 

52.7 

108 

232 

529 

kg.  per  hour 

671 

1  320 

2  304 

5  459 

lb.  per  Jiour 
kg.  per  hour 

i  476 
145 

2  004 
136 

5  o69 
431 

12  009.8 
670 

lh,  per  liour 

319 
21.6 

299 
10.3 

948 
18.7 

1  474 
12.3 

1  190 
10  485 

23  067 

1  183 

2  614 
11.3 
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Not  taking  into  account  the  heat  radiation  of  the  casing,  the 
steam  is  superheated  considerably  by  the  strong  throttling  of  the 
regulating  valve,  and  it  is  possible  that  the  product  of  the  specific 
volumes  and  the  quantity  of  steam  per  hour,  that  is,  the  total 
volume  per  hour  at  the  entrance  to  the  turbine  while  running 
light,  may  increase  to  double  the  volume  at  full  load.  In  this  case 
the  flow  velocity  in  the  first  wheels  will  also  increase.  On  the 
other  hand,  if  we  compare  the  conditions  at  condenser  pressure  or 
at  pressures  coming  close  thereto,  the  steam  volume,  therefore  also 
the  steam  velocity,  has  greatly  decreased  at  no  load.  If  the  steam 
friction  in  the  blade  channels  is  proportional  to  the  square  of  the 
steam  velocity,  then  the  total  value  of  the  steam  friction  running 
light  must  be  much  smaller  than  at  full  load,  provided  we  assume 
entrance  without  shock.  This  friction  is  further  decreased  because 
the  steam  is  highly  superheated,  and  remains  longer  superheated 
than  at  full  load. 

But  against  these  disadvantages  we  have  the  facts  that  on 
account  of  low  steam  velocity,  entrance  to  the  rotating  and  guide 
wheels  occurs  with  shock  for  the  larger  part  of  all  the  stages  ;  and 
that  the  steam  velocity  must  decrease  from  wheel  to  wheel,  instead 
of  increasing  as  usual.  The  occurrence  hereby  taking  place  is 
exceedingly  complicated,  and  necessitates  a  somewhat  full  discus- 
sion. The  blades  are  mostly  placed  so  close  together  that  at  least 
towards  the  exit  the  stream  must  entirely  fill  the  channel.  There 
we  can  easily  calculate  the  steam  from  the  quantity  of  steam  and 
the  heat  condition,  which  is  quite  easily  determinable.  The  exit 
velocity  cx  from  the  guide  wheel  then  gives  with  —  ?/  the  relative  veloc- 
ity wx  from  the  rotating  wheel,  which  for  the  low  pressure  wheels 
has  approximately  the  direction  as  shown  in  Fig.  236,  but  with 
steeper  entrance.  The  eddy  currents  hereby  occurring  are  a  part 
of  the  total  loss,  but  then  steam  shock  may  be  caused  by  the 
enlargement  that  follows  the  contraction  in  the  rotating  blades. 
Here  occurs  a  compression  of  the  steam  which  is  accompanied  by 
losses  and  the  necessary  decrease  of  the  flow  velocity  of  the 
steam.  The  losses  can  so  increase  that  the  last  wheels  furnish  no 
work,  or  even  act  as  brakes.* 


*  There  has  often  been  determined  the  point  of  intersection  Ox  (Fig.  238)  in  the 
representation  of  the  steam  consumption  as  a  function  of  the  load,  by  prolonging  the 
steam  consumption  line,  and  00\  has   been  taken  as  the  work  of  running  light,  but 
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If  a  fully  loaded  turbine  is  suddenly  unloaded,  and  the  regulator 
does  not  work,  the  machine  will  "run  away"  and  will  reach  a  cer- 


this  is  incorrect.  Let  a  condenser  pressure  exist  at  entrance  to,  and  exit  from,  a 
turbine.  If  the  turbine  is  rotated  by  a  motor,  there  may  occur  a  slight  suction,  as 
was  already  explained  previously.      But  theoretically  the  turbine  would  do  no  work 

so  long  as  no  steam  is  needed.  If 
we  open  the  steam  valve  so  little  that 
only  an  exceedingly  small  quantity 
of  steam  can  enter,  then  the  abso- 
lute velocity  at  exit  from  a  guide 
blade,  that  is,  c\  and  the  relative  exit 
velocity  w2 ,  will  be  very  small.  The 
absolute  exit  velocity  c\  is  a  resultant 
from  w2  and  u,  and  is  nearly  as  large 
as  u.  On  the  one  hand,  there  occur 
eddy  cxirrent  losses  in  the  wheel ;  on 
the  other  hand,  the  absolute  velocity 
of  the  steam  is  increased,  and  there- 
fore a  transposition  of  work  to  the 
steam  takes  place  throughout.  Only  after  the  quantity  of  steam  has  reached  a  cer- 
tain value  can  work  be  performed  in  the  high  pressure  wheels,  and  gives  a  surplus 
which  finally  will  overcome  the  resistances  of  running  light.  The  point  0\,  therefore, 
does  not  correspond  to  the  indicated  zero  power,  but  is,  in  fact,  already  negative. 

The  varying  of  the  steam  consumption  in  the  region  of  O  power  was  determined 
for  a  turbine  in  ?uhich  all  wheels  aided  in  producing  work  while  running  light.     In 


Fig.  234. 


Fig.   235. 


order  to  give  to  the  turbine,  according  to  the  assumption,  a  negligibly  small  indicated 
power,  there  must  exist  in  the  velocity  diagram,  Fig.  234,  the  almost  coinciding  veloc- 
ities c\  ,c<i  and  wi ,  w2 .     In  our  fundamental  equation 


dp  _  5 


dz 


eg 


(2  c\  cos  a  —  u) 


U) 


we  may  introduce  v  as  a  constant,  because  its  change,  on  account  of  small  pressure 
differences,  would  remain  small.  Equation  1  applies  also  to  the  performance  of  non- 
compressible  liquids  driving  a  many-stage  turbine. 
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tain  limit  velocity.  The  steam  load  will  initially  increase  while  the 
efficiency  will  likewise  increase  until  the  peripheral  velocity  has 
reached  the  value  at  which  axial  exit  from  the  rotating  wheels 
occurs.  At  the  same  time  the  work  of  friction  of  the  drums  and 
the  labyrinth  pistons  and  that  of  the  bearings  increases,  which  limits 
the  otherwise  attainable  velocity.  Let  us  assume  that  the  steam 
friction  mentioned  is  normally  5%  of  the  rated  power  and  increases 
as  the  third  power  of  the  number  of  revolutions.  Then  the  full 
power  of  the  turbine  will  be  braked  by  ^f1^-  =  2.7  times  the 
increased  number  of  revolutions.  The  bearing  friction  of  course 
also  absorbs  more  work,  still  only  in  the  simple  ratio  to  the  velocity, 
and  need  not  be  considered  when  the  revolutions  are  increased  3  to 
4  times.  If  we  assume,  in  order  to  get  another  limit,  that  this 
special  work  of  friction  is  negligible,  then  the  velocity  diagram  will 
again  take  the  approximate  form  shown  in  Fig.  234,  that  is,  wl  and 
w2  are  nearly  equally  large,  and  in  the  same  direction,  likewise  cx 
and  c2 .  The  steam  entrance  to  the  rotating  blade  channel  (and  the 
guide  blade  channel)  occurs  with  the  extraordinary  deviation  shown 
in  Fig.  236,  so  that  the  eddy  current  resistances  nearly  utilize  the 
entire  drop,  and  transmits  to  the  wheel  only  slight  work.    Without 


With  Gv=fc\  we  get 


g-=  -<?<£'(*)  +  *'(*), 


and  <£',  i/''  are  always  positive  functions.     By  immediate  integration  we  have 

p  =  -  G  <t>  (*)  +  ^  (z)  +  C, 
and  for  the  condition  that  p=px  for  2  =  0,  and/>=/2  for  z  =  zq,  it  follows  that 

P*-Pt=  -JTiG  +  JiTi (2) 

in  which  K\  and  A~2  are  positive  constants. 

The  power  carried  to  the  machine  can  be  placed  proportional    to  the  pressure  dif- 
ference p\  — pi ,  so  that 

Ni  =  K*G(px-p2). 

If  we  place  (p\  — p2)  from  equation  2  in  the  above,  we  obtain 
-  ~^-n  =  -  A\  G  +  A"2 

As  Lr 

or 

Ni  =  K\  AS  G2  -  A"2  Kz  G  ; 

that  is,  at  the  point  JVi=0,  G  does  not  disappear,  but  is  represented  by  a  parabola 
passing   through  the  initial  point  as  a  sloping  tangent,  Fig.  235. 
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experiments  this  new  cl  cannot  be  approximated  ;  if  we  take  it 
equally  large  with  that  at  normal  conditions,  then  the  peripheral 
velocity  values  would  become  5  and  6  times  the  normal  ones.  As 
the  stresses  of  the  rotating  parts  increase  as  the  square  of  the 


Fig.  236. 


number  of  revolutions,  there  exist  very  slight  prospects  (even  if  we 
take  the  first  case  into  consideration)  of  building  the  many-stage 
turbine  so  that  it  will  withstand  a  "  running  away  "  without  serious 
danger. 
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THE  FUTURE   OF  THE  HEAT  ENGINE. 

80.    PERPETUAL   MOTION   OF   THE   FIRST  TYPE. 

A  machine  that  creates  work,  that  is,  produces  work  from  noth- 
ing  or  delivers  more  work  than  is  brought  to  it  in  any  (for  example, 
latent)  form,  is  impossible.  The  impossibility  of  this  so-called  per- 
petual motion  (called  the  first  type  to  distinguish  from  the  second 
type  discussed  below)  was  divined  by  science  more  than  one  hun- 
dred years  ago,  but  received  its  final  confirmation  from  the  prin- 
ciple of  the  conservation  of  energy  enunciated  by  Meyer,  Joule  and 
HelmJioltz.  This  principle  to-day  furnishes  the  unshaken  founda- 
tion of  all  natural  science,  hence  also  of  machine  construction. 


81.  PERPETUAL  MOTION  OF  THE  SECOND  TYPE,  AND 
THE  SECOND  FUNDAMENTAL  LAW  OF  THERMO- 
DYNAMICS. 

As  often  as  heat  disappears,  we  must,  from  the  laws  of  energy, 
find  its  equivalent  quantity  of  energy  in  another  form,  for  instance, 
as  mechanical  work.  But  this  transformation  is  not  unlimited  and 
cannot  be  carried  through  arbitrarily.  It  is,  above  all,  dependent 
on  the  presence  of  a  temperature  drop  and  a  deliverance  of  heat  at 
the  existing  lower  temperatures.  The  heat  contents  of  the  sea, 
the  atmosphere  and  the  entire  earth,  represent  an  immense  reser- 
voir of  energy,  and  numerous  inventors  have  undertaken  the  prob- 
lem of  transforming  this  heat,  always  available  and  free  to  all,  into 
work  without  the  assistance  of  a  lower  temperature ;  and  their 
endeavors  are  of  course  practically  impossible.  A  machine  that 
undertakes  to  transform  heat  into  work  by  cooling  a  given  heat 
reservoir,  without  changing  anything  else  in  the  surroundings,  is 
called,  according  to  Ostwald,  perpetual  motion  of  the  second  type. 
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If  the  heat  reservoir  above  described  is,  strictly  speaking,  not 
infinitely  large,  then  the  mechanical  work  will  be  retransformed  into 
heat  by  the  constantly  occurring  friction  and  other  sources  of  loss 
and  the  way  the  above  law  was  stated  by  Ostwald  is  correct  in  all 
cases. 

The  second  fundamental  lazv  of  thermodynamics  says  that  this 
perpetual  motion  of  the  secofid  type  is  impossible  even  with  ideal 
machines,  that  is,  even  witJi  frictionless  non-conducting  engines ■.* 

The  proof  for  this  law  is  not  an  absolute  one,  it  is  cumulative  ; 
that  is,  the  results  hitherto  derived  from  it  have  without  exception 
been  confirmed  by  experience.  Nevertheless,  from  a  purely  logical 
point  of  view,  it  is  not  at  all  improbable  but  that  a  new  discovery 
may  prove  an  exception  ;  and  strictly  speaking,  we  can  only  call  this 
law  an  hypothesis.  The  entirely  false  conception  of  how  a  law  of 
nature  must  be  "proved"  has  led  many  inventors  to  believe,  in 
direct  contradiction  to  the  second  fundamental  law  of  Thermo- 
dynamics, that  their  invention  is  an  exception,  thereby  destroying 
the  truth  of  this  law.  Against  such  views  we  must  emphasize 
that  the  principle  of  the  conservation  of  energy  has  only  been 
"proved  inductively;"  that  is,  we  can  only  affirm  that  which  has 
been  found  correct  in  all  cases  hitherto  observed.  The  second 
fundamental  law  was  originally  enunciated  by  Clausius  in  a  some- 
what different  form,  and  only  for  pure  transformation  of  heat. 
Later,  Gibbs,  HelmJioltz  and  varit  Hojf,  from  this  and  other  con- 
clusions derived  from  the  phenomena  of  chemistry,  the  galvanic 
current,  and  the  theory  of  solutions,  have  achieved  brilliant  scien- 
tific results  which  have  been  confirmed  by  experience  in  number- 
less cases.  This  second  law  is  therefore  found  to  represent  a 
controlling  principle  of  all  natural  phenomena,  and  has,  scientifi- 
cally speaking,  the  same  degree  of  certainty  as  the  law  of  con- 
servation of  energy. 

Of  course,  we  have  at  all  times  regions,  which  on  account  of 
their  recent  discovery  cannot  be  fully  investigated.  For  instance, 
consider  the  phenomena  of  radiation,  for  which  many  claim  that 
even  the  principle  of  the  conservation  of  energy  does  not  hold 
good.  In  these  entirely  new  discoveries,  and  in  these  alone  the 
second  law  of  thermodynamics  has  not  yet  been  verified,  because 


*  The  addition  that  also  ideal  machines  cannot  realize  perpetual  motion  is  neces- 
sary, as  we  can  see  later  on. 
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they  are  so  recent  and  on  account  of  the  difficulty  of  investigation. 
Still,  careful  investigators  do  not  doubt  that  here  also  the  law  will 
apply.  Over  the  entire  remaining  region  of  scientific  research, 
the  law  has  been  confirmed  by  innumerable  experiments.  There- 
fore, we  may  earnestly  urge  the  inventor,  not  to  spend  his  means 
in  carrying  out  any  idea  that  would  contradict  the  second  law  of 
thermodynamics. 

Still,  on  the  other  hand,  it  must  be  emphasized,  that  the  trans- 
formation of  the  heat  of  the  surroundings  into  mechanical  work  is 
not  in  itself  impossible,  but,  what  is  of  utmost  importance,  that  it 
still  occurs  only  as  an  accompanying  phenomenon  to  other  and  in 
general  very  much  larger  transformations  of  energy.  There  are 
galvanic  chains  that  develop  more  electrical  energy  than  the  " heat- 
manifestations  "  corresponding  to  the  chemical  union  of  the  ele- 
ments ;  therefore,  the  excess  of  heat  is  taken  from  the  surroundings. 
So  long  as  we  have  a  supply  for  such  galvanic  chains  of  suitable 
material  at  our  disposal,  we  have  the  heat  of  the  surroundings 
transformed  into  work  "gratuitously."  But  should  they  have  to  be 
made  artificially  by  chemical  means  from  other  elements,  we  must 
then  transform  as  much  mechanical  work  into  heat,  as  will  more 
than  balance  the  former  gain.  These  processes  are  practically  use- 
less because  the  value  of  the  transformed  heat  per  unit  weight  of 
the  material  consumed  is  generally  an  exceedingly  small  quantity. 

There  also  exist  purely  thermodynamic  processes  by  which  the 
heat  of  the  surroundings  may  be  transformed  into  work.  The 
simplest  and  most  obvious  example  would  be  a  compressed  gas 
which  at  atmospheric  temperature  expands  isothermally.  In  this 
the  work  performed  is  the  exact  equivalent  of  the  transformed 
quantity  of  heat.  If  we  find  a  supply  of  compressed  gases  in 
nature,  it  is  possible  to  produce  such  work.  As  soon  as  the  gas 
must  be  compressed  artificially  every  economy  of  this  process 
would  cease.  We  will  speak  below  of  other  chemical  thermo- 
dynamic processes  of  a  similar  nature,  and  prove  that  they  also 
have  no  importance  practically. 

Finally,  we  repeat,  that  there  would  be  perpetual  motion  of 
the  second  type  when  there  is  transformation  of  heat  from  any 
single  source  unaccompanied  by  a  temperature  drop  or  by  any 
other  change  whatsoever  ;  and  in  this  sense  only  is  this  type  to 
be  considered  an  impossibility. 
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82.    THE    CARNOT   CYCLE. 

Consider  a  body  of  any  kind  which  in  order  to  make  this  dis- 
cussion general  may  be  assumed  to  consist  of  a  mass  of  materials 
interacting  chemically.  Let  this  body  undergo  the  following  pro- 
cess :  an  adiabatic  compression  from  the  temperature  t2  to  the  tem- 
perature tY ;  an  isothermal  expansion  at  the  temperature  tx  with  the 
addition  of  the  quantity  of  heat  QY ;  an  adiabatic  expansion  to  the 
temperature  t2;  and  finally,  an  isothermal  compression  at  the  tem- 
perature t2 ,  by  taking  away  the  heat  Q2  until  the  initial  condition 
has  been  reached.  Such  a  process  is  called  the  Carnot  Cycle. 
TJiese  changes  of  condition  must  be  capable  of  occurring  in  the  re- 
verse order ;  that  is,  the  uniform  temperature  of  each  of  the  heat 
reservoirs  which  furnishes  Qx  and  receives  Q2  respectively,  should 
vary  only  an  infinitesimal  amount  from  the  two  uniform  tempera- 
tures of  the  working  body;  the  kinetic  energy  of  this  body,  that  is, 
the  velocity,  with  which  the  process  is  performed,  must  be  neg- 
ligibly small.  Finally,  we  shall  assume  that  the  "engine"  in 
which  our  body  works  is  frictionless.  During  one  rotation  an 
external  work  is  performed  expressed  in  heat  units  as  A  L,  and 
according  to  the  principle  of  the  conservation  of  energy, 

AL=Q1-Qi (1) 

A  second  body  may  go  through  this  same  process  and  between  the 
same  temperature  limits  in  the  reverse  order,  and  its  weight  is  to 
be  such  that  the  performed  work  is  again  equal  to  A  L  ;  while  the 
cooler  heat  reservoir  in  this  case  is  receiving  the  heat  Q2,  the 
warmer  reservoir  is  delivering  the  heat  Qx.  Therefore  we  again 
have 

A  L  =  Qx'  -  Qi, 

so  that 

Qx  -  Qi  =  Qi  -  Qi  °r  Qi  -  Qx  =  Qi  -  Q,. 

As  the  external  work  gained  during  the  first  process  is  exactly 
consumed  during  the  second  process,  and  as  both  bodies  after  each 
have  gone  through  one  revolution  are  in  the  initial  condition,  the 
action  of  this  process  consists  therein  that  a  certain  quantity  of  heat 
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has  been  taken  from  one  reservoir  and  brought  over  to  the  other. 
If  Q{  >  Qls  then  the  difference  Q/  —  Qx  would  be  taken  from  the 
colder  reservoir  and  carried  over  to  the  warmer.  This  surplus,  in 
a  third  "  right-handed  "  process,  should  perform  work,  and  by  re- 
peating this  process  we  could  gain  continuous  work  at  the  cost  of 
the  colder  reservoir,  without  having  any  other  changes  occur.  But 
this  is  perpetual  motion  of  the  second  type,  and  therefore  impos- 
sible. This  is  demonstrated,  if  we  assume  Q{  <  Qi,  in  which  it  is 
only  necessary  to  exchange  processes  1  and  2  so  that  there  remains 
only  the  possibility  that  * 

QY  =  Q/,  therefore  also  Q2  =  Q2'. 
By  division,  it  follows 

Q,     6,' 

that  is,  this  ratio  is  independent  of  the  nature  of  the  bodies  that 
are  used,  if  only  the  same  temperature  limits,  tx  and  t2 ,  are  kept. 
As  the  pressure,  the  volume,  the  aggregate  condition  and  the 
chemical  composition  of  the  body  were  not  considered,  this  ratio  can 
only  depend  on  the  temperatures  ;  that  is, 


%=f(h,hh (2) 

V2 


in  which /is  an  unknown,  but  for  all  types  of  bodies  constant,  func- 
tion. Its  form  we  determine,  according  to  Poincare,  by  assuming 
Carnot  cycles  between  the  temperatures  t0,  tlf  t2  and  between  the 
same  adiabatics,  the  cycle  being  arranged  as  follows  :  1,  between 
tY  and  t2  with  the  quantities  of  head  QY  and  Q2 ;  2,  between  tx  and 
t0  with  <2i  and  QQ ;  3,  between  t2  and  /0  with  Q2  and  QQ ;  so  that 
the  three  equations  must  exist : 


*  We  might  of  course  immediately  say  that  frictionless  machines  do  not  exist,  and 
that  the  proof  has  not  been  rigidly  enough  carried  out ;  but  on  the  one  hand  we  are 
building  steam  engines  whose  work  of  friction,  including  the  work  of  the  air  pump, 
s  only  5%  of  normal  load ;  on  the  other  hand,  the  supposition  of  an  ideal  engine  for 
this  proof  is  not  too  cumbersome,  and  the  proof  is  therefore  more  clearly  expressed. 
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^=fihh),^=f{hh),9l=f{hU)    .     .    .     (8) 

V2  Vo  vo 


If  we  find  the  ratio  Q{  and  Q2  from  the  second  and  third  equa- 
tions and  place  it  in  the  first  equation,  we  have 


tSS=/(/''2) (4) 


This  identity  can  only  exist,  according  to  Poincare,  \if  (tx  t2)  has 
the  form 

/(M2)=J^        (5) 

in  which  function  <£  is  now  unknown.     For  its  determination  it  is 

sufficient  to  find  by  experiment  the  ratio  —  ,  for  any  single  body. 

As  such  a  body,  an  "  ideal  "  gas  can  be  taken  whose  equation  of 
condition  is, 

pv  =  R  T, 

in  which  T  is  the  absolute  temperature  and  R  a  constant ;  for 
such  a  body  the  specific  heat  cp  for  constant  pressure  and  cv  for 
constant  volume  remain  unchanged,  and  form  the  ratio 


In  going  over  the  separate  steps  of  the  cycle  individually,  we  find 
by  a  very  simple  calculation, 

9i  =  Ti      (6) 

Q2      T2 

in  which  Tx  =  459  +  tY  (273  +  h  in  French  units)  and  T2  =  459  +  t2 
(273  -f  t2 )  are  the  upper  and  lower  "  absolute  "  temperatures  of  the 
Carnot  isothermals.  The  Carnot  temperature  function  <j>  (t)  =  <j> 
(  T  —  459)  is  reduced  therefore  to  the  absolute  temperature, 
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4>  (0  =  T (7) 

if  we  let  the  still  arbitrary  constant  factor  =  1. 

The  quantity  of  heat  transformed  into  "useful  work"  is  now 
merely  the  difference  between  the  heat  quantities  Qx  and  Q2 ; 
that  is, 

AL  =  Qt-Q,. 

The  "efficiency"  rj  is  the  ratio  of  the  useful,  gained,  energy  AL 
to  the  total  heat  Qx ,  supplied ;  as  Q2  assumed  the  temperature  of 
the  surroundings,  and  therefore  became  practically  useless,  we 
have, 

AL=Ql-Q, 
Qi  Qi      ' 

But,  according  to  equation  6, 

<22  =  Qi 


it  then  follows, 


„  =  T^Il (8) 


from  which  we  have  the  law  : 

The  thermodynamic  efficiency  of  a  Carnot  cycle  depends  purely  on 
the  temperature  of  the  isotJiermals  between  which  the  process  occurs 
and  is  indepe7ident  of  the  nature  of  the  working  bodies.  The  utili- 
zation of  heat  is  all  the  better,  the  higher  the  temperature  of  the  heat 
supplied  and  the  lower  the  temperature  at  which  it  is  rejected. 


83.     CYCLE  WITH  ADDITION  AND  SUBTRACTION   OF   HEAT 
AT  ARBITRARILY  CHOSEN  TEMPERATURES. 

Consider  any  body  subjected  to  any  physical  or  chemical 
change  of  condition  in  which  only  reversible  processes  occur,  and 
in  which  the  path  of  the  pressure  and  volume  changes  are  repre- 
sented by  the  so-called /^-diagram,  Fig.  237.  Divide  the/z'-plane 
by  a  series  of  adiabatics  into  infinitely  small  strips,  and  let  us  call 
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the  quantity  of  heat  which  is  added  or  subtracted  during  the  actual 
change  of  condition  between  the  adiabatics,  and  which  is  represented 
in  the  figure,  by  dQu  dQ{,  dQ{'\  .  .  .  dQ2,  dQ2\  dQ2" .  .  .  . 
The  heats  dQx ,  dQ2  can  be  taken  as  a  Carnot  cycle  described 

by  an  auxiliary  body  be- 
tween the  adiabatics  a  and 
a!  and  the  infinitely  short 
isothermals  Jx  J2  corre- 
sponding to  Zj  and  T2> 
that  is,  the  average  tem- 
peratures of  the  actual 
changes  of  condition.  The 
heat  added  and  subtracted 
at  Ji  and  J2  respectively, 
differ  from  those  of  dQx 
and  dQ2  only  by  an  infini- 
tesimal of  a  higher  order, 
and  we  have,  according  to 
equation  6, 


Fig.  237. 


dQx 
d(J2 


T9 


(9) 


The  useful  work  dL,  corresponding  to  the  elementary  process 
and  represented  by  the  elementary  area  of  the  /^-diagram,  is  in 
heat  units  A  dL  =  dQx  —  dQ2;  the  thermodynamic  efficiency  is  as 
above, 

T,  -  To 
v  =  — -. 

The  above  given  law  holds  good  for  every  elementary  process,  and 
we  may,  therefore,  taking  everything  together,  state  the  law  : 

The  utilization  of  heat  in  any  arbitrarily  chosen  cycle  with  only 
reversible  changes  is  the  better,  the  higher  the  temperature  at  which 
heat  is  added,  and  the  lower  the  temperature  it  is  subtracted. 

This  law,  that  appears  general  and  to  hold  good  without  excep- 
tion, is  greatly  limited  by  the  application  of  a  so-called  regenerator. 
Let  there  exist  in  a  cycle  a  "  right-handed "  and  continuous 
change  of  condition  at  which  heat  is  imparted,  and  later  on  a 
"left-handed"  change  at  which  it  is  taken  away,  of  such  a  char- 
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acter  that  for  element  after  element  the  temperatures  and  the 
exchanged  quantities  of  heat  are  equally  large,  while  the  pressures 
can  remain  different.  It  is  now  in  general  possible,  by  an  ideally 
working  heat  exchange  apparatus  (according  to  the  principle  of 
counter  currents),  to  add  theoretically  without  loss  the  quantity 
of  heat  given  up  on  the  left-handed  path  to  the  working  body,  ex- 
periencing a  right-handed  change  of  condition,  the  heats  being  thus 
made  to  circulate  and  not  freshly  supplied  each  time.  It  is  there- 
fore, in  controvention  to  the  above  generalized  law  of  Camot,  a 
matter  of  entire  indifference  whether,  for  the  efficiency  of  this 
special  process,  the  quantity  of  heat  in  question  is  added  or  sub- 
tracted at  high  or  low  temperatures.  A  practically  useful  applica- 
tion of  this  theoretically  very  promising  idea  has  not  yet  been 
accomplished 

84.     THE  INTEGRAL  OF  CLAUSIUS. 

If  we  write  equation  9  in  the  form 

dQi  _  dQt        dQi      dQz  _  0 

Tx  " '    T2  7\         T2  ~ 

and  combine  it  with  the  similarly  given  values 


dQ{      dQ2' 


0 


we  get  by  summation 


T„         T„  -  ">  etc., 


y  dQi     y  dQ2      Q 


But  if  we  consider  the  quantity  of  heat  dQ2  taken  away,  alge- 
braically, that  is,  insert  it  as  a  negative  value  (in  which  dQ2  repre- 
sents the  absolute  value),  we  may  write  simply, 
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as  the  amount  that  is  distributed  throughout  all  the  heat  elements 
if  we  substitute  for  the  summation  the  integral  sign,  we  obtain  for 
a  cycle  with  only  reversible  processes  the  law  of  Claiisinsy 


(/ 


'  T 


(10) 


in  which  the  parenthesis  indicates  the  integration  is  extended  over 
the  whole  closed  cycle. 


85.    ENTROPY. 


Fig.  238. 


Consider  1  kilogram  (or  pound) 
of  our  material  to  be  taken  by  a 
reversible  process  from  condition 
A,  Fig.  238,  which  we  shall  define 
as  "  normal,"  to  condition  B,  ac- 
cording to  curve  C;  then  return 
to  A  by  the  path  C ',  so  that  a  cycle 
ensues.  We  now  resolve  the  inte- 
gral of  Clausins  equation  10,  into 
the  part  from  A  through  C  to  B, 
and  the  part  from  B  through  C  to 
A  and  write 


te-fc+s. 


A 


+  , 

B 

through  C 


dQ 
T 


(11) 


If  the  change  occurs  from  A  to  B  through  C\  then  all  ele- 
mentary quantities  of  heat  involved  change  their  signs,  and  we 
have 


fBrf2=-   CAdQ 
J  a     T  JB     T' 


A      T 

through  C 


through  C 


then  equation  11   gives 


f§-l 


dQ 
a     T 

through  C 


dQ 
A     T 

through  C" 


(12) 
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The  integral  of  the  element  —  is  therefore  independent  of  the 

method  in  which  a  body  is  taken  from  the  initial  condition  and 
brought  to  a  given  final  condition,  provided  the  path  is  everywhere 
reversible.  We  call  this  integral  the  increase  of  entropy  of  the  body 
between  the  conditions  A  and  B,  and  write 


/ 


B 

<f=S-S„ (13) 


The  value  of  the  entropy  at  A  remains  undetermined,  and 
therefore  5  is  only  determinable  up  to  an  arbitrary  constant  that 
must  be  added.  If  we  call  the  condition  at  A  the  "zero  condition," 
or  if  we  place  S0  =  0,  then  the  entropy  will  be  a  certain  number 
corresponding  to  every  condition  of  the  body,  and  can  be  calculated 
from  the  beginning,  so  long  as  the  condition  can  be  reached  by  only 
reversible  changes.* 

From  the  definition  of  entropy  it  follows 

dS  =  §- (14) 

and 

dQ  =  TdS (14a) 

This  important  equation  says  that  the  (reversible)  quantity  of  heat 
dQ  that  is  added,  is  obtained  as  the  product  of  tJie  absolute  tempera- 
ture and  the  elementary  increase  of  entropy  during  the  observed  infi- 
nitely small  change  of  condition.  This  law  makes  it  possible  to 
represent  the  imparted  heat  graphically  as  an  area ;  for  instance, 
we  draw  a  coordinate  system  with  5  as  the  abscissas  and  T  as  the 
ordinates.  As  the  entropy  .S  and  the  temperature  are  determined  by 


*  It  is  important  to  draw  attention  to  the  fact  that  there  was  no  assumption  made 
as  to  the  nature  of  the  working  body,  that  the  above  definition  of  entropy  also  holds 
good  for  masses  acting  chemically  on  each  other,  if  only  their  condition  is  determi- 
nable from  certain  data  that  correspond  to  a  condition  when  the  chemical  forces  are 
in  equilibrium.  The  existence  of  external  equilibrium  is  not  necessary  because  in 
masses  that  are  in  motion  an  infinitely  small  element  may  be  taken  as  in  relative  bal- 
ance with  its  center  of  gravity.  With  mixture  of  gases  we  can  also  neglect  the  con- 
dition of  equilibrium  of  chemical  forces,  because  the  entropy  of  one  constituent  is  not 
influenced  by  the  presence  of  the  other  constituent. 
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these  "parameters  of  condition"/  and  v,  each  point  of  the/^-plane 
corresponds  to  a  point  of  the  7"5-plane,  and  there  can  be  constructed 

a  curve  of  condition  (for  instance, 
expansion  line)  from  the  first  to  the 
second.  In  this  manner,  the  "  en- 
tropy diagram,"  Fig.  239,  is  con- 
structed. In  this  rectangle  B'  B" 
B{'  B{  =  TdS  =  dQ,  and  the  area 
B1B  C  CY  represents  in  heat  units 
the  entire  heat  taken  up  during 
the  change  of  condition  from  B  to 
C.  If  the  change  occurs  in  the 
direction  of  C  to  B,  the  contents 
of  the  surface  must  be  taken  as 
negative  ;  that  is,  the  heat  was 
not  added  to,  but  taken  away. 

From  relation  12  it  further  follows,  that  — -  is  a  complete  dif- 
ferential of  both  chosen  "  parameters  "  for  the  determination  of  the 
condition  ;  as,  for  instance,  of/,  v  or  v,  T,  etc.,  so  that  the  complete 
integration  of  5  is  always  possible. 


Entropy 


Fig.   239. 


86.     ENTROPY  DIAGRAM  FOR   STEAM. 

For  steam,  the  calculation  of  the  entropy  is  made  by  allowing 
0°  C.  (32°  F.)  and  the  volume  of  water,  which  is  considered 
constant,  to  represent  the  "  normal  condition,"  the  entropy  being 
referred  to  unit  weight  of  water ;  we  here  choose  as  reversible 
change  of  condition  the  adiabatic  compression  of  water  to  the 
desired  pressure,  and  then  the  addition  of  heat  at  constant 
pressure. 

In  the  fluid  condition,  if  we  neglect  the  unnoticeable  increase 
of  temperature  and  performance  of  work  during  the  compression 
of  the  water,  the  equation  dQ  =  c  dT  holds  good  until  boiling  point 
is  reached  at  pressure/  or  temperature  T,  in  which  c  is  the  specific 
heat  of  water  and  is  independent  of  the  pressure.  Therefore,  the 
first  part  of  the  entropy  is 


C   cdT 
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while  the  evaporation  at  constant  pressure,  therefore  also  constant 
temperature,  is 

JY  dx         Y  X 
o     T  T 

so  that  for  saturated  steam  at  "condition  Zand  xf"  we  have 


Sx  -  *0  =  T  +  X  — 


At  the  "  limit  curve,"  or  curve  of  constant  steam  weight, 


r 

so  =  T  +  y 


In  the  superheated  territory  we  have  at  constant  pressure/, 

dQ  =  cp  dT 


and 

v 


J 


c,dT  ,    ,      IT 


nat.  log 

»  T 


in  which  Tr  is  the  temperature  of  the  superheated  steam  and  cp 
is  a  constant  =  0.48. 

These  values  are  graphically  represented  for  the  practically  im- 
portant territory  of  change  of  condition  in  chart  1.  The  curves 
p  =  constant  and  x  =  constant  have  been  calculated  for  a  large 
number  of  intermediate  values.  The  isothermals  T  =  constant  are 
naturally  represented  by  horizontal  lines.  For  the  adiabatics, 
dQ  —  Q>  therefore  s  =  constant ;  that  is,  they  are  vertical  lines.  The 
curves  v  =  constant  have  also  been  drawn,  so  that  for  two  deter- 
mining parts  being  given,  for  instance  p  and  v,  the  third  can  in- 
stantly be  found ;  that  is,  x  or  T.  Finally,  the  curves  X  =  constant 
are  drawn,  through  which,  from  what  has  already  been  said,  the 
calculations  are  simplified. 
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87.    INCOMPLETE   CYCLE   WITH    REVERSIBLE  AND   NON- 
REVERSIBLE  CHANGES   OF    CONDITION. 

If  a  body  described  reversible  changes  of  condition,  its  tempera- 
ture, as  explained  above,  must  equal,  within  an  infinitely  small 
difference,  the  temperature  of  the  heat  reservoir  from  which  it 
receives  heat.  If  we  also  assume  only  reversible  occurrences  in 
the  reservoir,  then  for  each  element  of  change  of  condition,  the 

change  of  entropy  dS  =  -—  of  the  working  body  is  equally  large, 

but  opposite  to  that  in  the  reservoir,  because  T  and  dQ  are  also 
equal  for  both,  but  opposite.  The  change  of  entropy  of  both  bodies 
taken  together  is  nothing,  and  also  applies  to  finite  changes  of 
condition.     We  have  therefore  the  law  : 

In  a  purely  reversible  occurrence,  the  sum  of  the  entropies  of  all 
bodies  that  in  any  zvay  participate  in  the  occurrence  y  remaijis  un- 
changed. 

Conversely,  if  non-reversible  changes  of  condition  occur,  the  law 
receives  the  following  supplement,  first  given  by  Gibbs  and  Planck: 

The  sum  of  the  entropies  of  all  bodies  participating  in  any  one 
occurrence  is,  at  the  end  of  the  change  of  condition,  larger  than  at 
the  beginning ;  only  in  the  limit  case,  in  which  all  parts  undergo 
reversible  changes,  does  the  sum  of  the  entropies  remain  unchanged. 

This  proof  for  a  closed  cycle,  that  is,  a  cycle-process  with  non- 
reversible thermodynamic  transformations,  has  been  referred  by 
Clausius  to  his  fundamental  principle  that  heat  cannot  by  itself 
go  from  a  cold  to  a  warmer  body. 

For  unenclosed  (incomplete)  cycles  of  any  type,  the  proof  may 
be  had  by  considering  two  Carnot  cycles  as  explained  in  Article 
82.  Let  the  right-handed  one  represent  a  non-reversible  change  of 
condition,  the  left-handed,  a  reversible,  and  so  that  the  work  per- 
formed by  the  former  is  just  used  up  by  the  latter.  As  non-revers- 
ible we  define  each  occurrence  whose  results,  according  to  Planck, 
cannot  be  completely  neutralized  by  any  method  at  our  disposal ; 
that  is,  cannot  be  so  neutralized  without  a  change  remaining  in  any 
other  body.  That  the  occurrence  cannot  be  repeated  in  the  oppo- 
site direction,  is  therefore  not  sufficient  ;  it  must  above  all  be  im- 
possible to  reestablish  the  initial  condition  without  other  changes. 
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Under  these  assumptions  the  heat  Q{—  Q{  taken  from  the  warmer 
reservoir  during  the  cycle  process  can  only  be  positive,  for  if  it 
were  equal  to  nothing,  we  would  have  finally  exactly  the  same  con- 
dition of  all  participating  bodies  as  at  the  beginning ;  we  would 
have,  therefore,  neutralized  the  non-reversible  change  of  the  first 
process,  which  contradicts  our  assumption.  But  if  QY—  Q{  <  O, 
then  the  quantity  of  heat  Q{  —  QY  would  have  been  taken  from  the 
colder  reservoir  into  the  warmer  without  the  performance  of  work ; 
and  if  this  could  be  performed  in  a  suitable  machine,  we  would 
have  perpetual  motion  of  the  second  type,  which  is  impossible. 
There  remains,  therefore,  only 

<2i  -  Qi  >  0  and  Q2  -  Q2'  >  0. 

On  account  of  the  equality  of  the  work,  Qi—Q2=Qi—Q-2  '■>  that  is 
<2i=<2ir  +  A  ;  Q2=  Q2'  +  X  in  which  A  represents  a  positive  value. 
For  the  reversible  cycle, 


r,     t2 

have,  as  Ji>  T2, 

Qi 

T,         \Tl       TJ 

<0. 


By  the  same  reasonings  as  were  made  in  Article  5,  we  get  for 
any  arbitrarily  chosen  cycle  process,  the  formula 


(/ 


T 


in  which,  as  we  can  see  from  the  derivation,  T  is  the  temperature 
of  the  reservoir  while  with  non-reversible  occurrence  the  equality  of 
the  temperature  of  the  body  and  the  reservoir  does  not  form  a  con- 
dition. Let,  in  the  former  Figure  238,  an  unclosed  process  (incom- 
plete) take  place  between  the  conditions  A  and  B  with  non-revers- 
ible occurrences  in  the  working  bodies,  but  only  reversible  changes 
in  the  heat  reservoir,  which  follows  the  path  C.  We  make  this 
process  a  closed  (complete)  one  by  adding  the  reversible  change  of 
condition  in  all  parts  from  B  to  A  over  the  path  C.  The  integral 
of  Claiisins  gives 
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through  C  through  O  through  C        through  C 


Let  SA  and  SB  be  the  entropy  of  the  working  bodies  at  A  and 
B,  likewise  SA'f  SB'  are  the  initial  and  final  values  of  the  entropy 
of  the  reservoir  which  during  the  given  change  of  condition  from  A 
to  B  is  connected  with  the  bodies  (through  C).     Then 


Sa-SA  =  f    f;      SJ-SJ--  f    f.     .      (*) 

A  A 

through  C  through  C 

in  which  the  negative  sign  of  the  last  term  must  be  inserted  because 
dQ  is  added  to  the  bodies,  therefore  —  dQ  denotes  algebraically  the 
quantity  of  heat  given  to  the  reservoir.  We  have,  therefore,  by 
inserting  the  values  of  equation  /3  in  equation  a, 

-  (SBr  -  SJ)  -  (SB  -  SA)  <  0  or  (SB  +  SB')  -  (SA  +  SJ)  >  0, 


that  is,  the  sum  of  the  entropies  of  all  the  participating  bodies  in  the 
unenclosed  change  of  condition  from  A  to  B  is  greater  at  the  end 
of  the  occurrence  than  at  the  beginning,  which  was  to  be  proved.* 


*  In  a  corresponding  proof  of  Planck  there  is  (on  page  86  of  his  Thermodynamics) 
an  obscurity  which  we  shall  discuss  for  the  benefit  of  those  acquainted  with  his 
work.  The  question  is  discussed,  what  results  occur  if  we  assume  that  the  entropy  of 
a  gas  could  be  decreased  without  effecting  changes  in  other  bodies.  Here  we  can 
consider  as  opposed  to  the  incomplete  demonstration  of  Planck,  three  possibilities. 
First,  the  temperature  could  remain  equal,  then  we  would  have  by  the  isothermal  addi- 
tion of  heat  from  the  surroundings  and  the  expansion  of  the  gas  to  the  original 
entropy,  a  perpetual  motion  of  the  second  type ;  second,  the  temperature  could  be 
higher,  and  by  adiabatic  expansion  to  the  former  temperature,  we  would  obtain  work 
from  nothing ;  third,  the  temperature  could  be  lower,  and  work  must  be  expended  to 
adiabatically  compress  to  the  initial  temperature,  after  which  the  gas  would  be  per- 
mitted to  expand  without  work  to  the  volume  of  greater  entropy,  and  by  periodic  rep- 
etition would  constantly  annihilate  work.  Then  Planck  is  not  clear  in  his  references 
to  chemical  occurrences,  and  because  of  this,  some  might  have  already  reached  the 
strong  proof  here  given.  This  supplement  does  not  in  any  way  make  superfluous  the 
study  of  the  classical  work  of  Planck. 
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88.     THE   ECONOMY   OF  THE   HEAT   ENGINE. 

The  performance  of  work  by  heat  motors  as  known  to-day 
depends  above  all  on  the  extraction  of  energy  by  chemical  union 
(combustion),  and  therefore  we  can  apply  the  law  of  Planck  in 
its  general  sense  for  the  determination  of  their  economy.  To 
our  regret,  the  physical  and  chemical  constants  of  our  working 
materials  are  too  little  known,  and  we  must  be  satisfied  with  a  few 
general  statements.  Especially  for  the  loss  of  zvork  by  non-rever- 
sible occurrences  of  processes  common  to  gas  motors,  the  follow- 
ing may  be  said : 

We  shall  imagine  all  generation  of  heat  in  the  given  work 
occurrence  to  be  dependent  on  chemical  processes,  and  take  as  the 
final  results  (for  purposes  of  retransformation)  at  atmospheric  condi- 
tions an  abstraction  of  heat,  <20  from  the  surroundings,  which 
takes  place  at  temperature  T0 .  The  useful  work  is  utilized  to 
raise  a  weight  whose  entropy  does  not  change.  Let  the  entropy  of 
the  working  body  be  5  before  the  transformation,  and  5'  after  the 
same,    the    increase  being   therefore   S'  —  S.     The  entropy  of  the 

lower  heat  reservoir  experiences  an  increase  ~  .  In  all,  the  entropy 
has  increased  the  value  ° 

N  =  S'-S  +  % (1) 

The  total  energy  of  the  working  body  is 

L=U-U'-Q„      ....;...    (2) 

provided  the  volumes  at  the  beginning  and  end  of  the  occurrence 
are  equal.  If  they  are  not  equal,  we  have  in  place  of  £/and  U'  the 
so-called  potential  at  constant  pressure  ;  that  is,  the  value  U'  +  pv, 
which  with  vapors  is  the  "  heat-contents."  The  difference  of 
energy  U—  Uf  is  the  "heat  value"  of  the  working  body  per  unit 
weight  at  constant  volume  (in  general,  that  at  constant  pressure). 
Substituting  Qo  from  equation  1  in  equation  2,  we  have  : 

L  =  U  -  V  +  T9  (S'  -  S)  -  NT()     ....     (3) 
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If  we  have  only  reversible  occurrences,  then 

N  =  0, 

and  the  useful  work  is 

L0=U-U'-+TQ(S'-r-S) (4) 

which  actually  is 

L  =  L0-NT, (5) 

and  which  can  be  expressed  in  the  following  law : 

With  non-reversible  occurrences  of  any  (also  chemical)  type,  the 
useful  work  of  the  described  processes  experiences  a  decrease  equal  to 
the  product  of  the  increase  of  entropy  occurring  to  the  participating 
bodies  during  the  process  and  the  temperature  of  the  reservoir  which 
abstracts  the  heat  (that  is,  in  its  widest  sense,  the  surroundings). 

The  energies  in  the  initial  and  final  conditions,  U  and  Ur ,  are 
fixed  by  the  return  of  the  working  bodies  ;  their  difference  is  there- 
fore, as  we  wish  to  repeat,  to  be  taken  as  given,  likewise  the  entro- 
pies S  and  S' ,  therefore  also  the  maximum  useful  work,  Z0 ;  from 
which  follows  the  important  law  : 

With  given  initial  condition  of  the  working  body  or  body-system, 
and  likewise  given  condition  (that  is,  pressure  and  temperature )  of 
the  surroundings,  hence  the  final  condition,  we  get  for  the  described 
process,  the  maximum  useful  work  if  each  non-reversible  change  of 
condition  is  avoided.  The  value  of  this  useful  work  is  independent 
of  the  type  of  purely  reversible  processes  by  which  the  transforma- 
tion takes  place. 

From  equation  4,  which  gives  the  useful  work  with  reversible 
changes  of  condition  of  all  parts,  the  following  theoretical  possibili- 
ties may  result  : 

1.   The  entropy  of  the  working  body  remains  unchanged,  that  is, 

S'  =  S (6) 

then 

L  =  U  -  V (6a) 

Hence  :  the  maximum  work  received  is  identical  with   the  "  heat 
value." 
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2.  The  entropy  is  smaller  at  the  final  condition  than  at  the 
initial, 

S'  <  S (7) 

then, 

L=  U  -U'  -  T{)(S  -S') (7a) 

or,  the  maximum  work  received  is  smaller  than  the  heat  value. 

3.  The  entropy  at  the  final  condition  is  larger  than  at  the  initial 
condition, 

Sf  >  S (8) 

then, 

L  =  U  -  U'  +  T0  (S*  -  S) (8a) 

or,  the  maximum  work  received  is  larger  than  the  heat  value. 
With  N  =  0,  the  heat  to  be  given  up  to  the  surroundings  is 

<2o  =  t%  (s  -  y ), 

therefore,  =  0  in  the  first  case,  and  positive  in  the  second  case.  But 
if  S'>S  as  in  the  third  case,  then  Q0  is  negative  ;  that  is,  heat  is 
taken  from  tlie  surroundings  by  the  bodies  and  (immediately)  trans- 
formed into  work. 

There  ensues,  therefore,  the  exceedingly  important  question 
whether  there  are  bodies  and  processes  that  permit  the  realization 
of  the  theoretical  possibilities.  The  ordinary  four  events  shown  by 
an  indicator  diagram  would  not  be  suitable.  On  the  other  hand, 
we  might  reach  a  solution  by  using  fluid  combustibles  having  cer- 
tain hypothetical  attributes,  for  instance,  according  to  a  process  of 
the  following  type  : 

We  would  abstract  from  a  certain  combustion  motor  the  quan- 
tity of  heat  6>o  and  use  it  for  evaporating  the  suitably  chosen 
combustible,  which  boils  at  the  temperature  T0,  and  which  must 
give  a  heat  of  vaporization  such  that  the  quantities  concerned  dur- 
ing one  performance  of  the  process  would  take  up  just  the  heat 
Q0,  or  somewhat  more.  The  combustible  gases  are  cooled  at  at- 
mospheric pressure  and  exhausted  into  the  atmosphere,  and  the 
entire  heat  value  of  the  combustible,  or  somewhat  more,  has  been 
transformed  into  work. 

This  theoretical  possibility  of  an  efficiency  that  equals  1  or  even 
larger  than  1  has  absolutely  no  practical  significance.  Not  consid- 
ering the  question  whether  combustibles  could  be  had  of  such  high 
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heat  of  vaporization,  it  is  not  practical  simply  because  combustibles 
that  would  boil  at  atmospheric  temperature  would  exist  with  its 
vapor,  that  is,  must  be  considered  as  a  "natural  gas."  If  //is  the 
heat  value  per  unit  weight  of  the  liquid  material,  and  <2o  ls  the  neat 
of  vaporization,  then  the  heat  value  of  the  gaseous  material  would 
be  H'  =  H  +  Q%  per  unit  weight.  H  is  transformed  into  work, 
and  if  //  is  taken  as  unity,  then  the  efficiency  =  1.  But  if  the 
similar  value  H'  is  taken  as  a  base,  then  the  work  will  be,  inversely, 
H' —Qq,  and  the  efficiency  would  be  less  than  1.  In  the  latter  case 
we  can  imagine  the  combustible  to  be  in  gaseous  form,  and  the 
motor  works  as  an  ordinary  gas  motor.  The  heat  (20  must  finally 
be  taken  away,  but  we  receive  exactly  as  much  work  as  before. 
This  apparently  favorable  utilization  of  the  given-up  heat,  <20,  is 
actually  of  no  use,  and  these  remarks  hold  good  in  general,  because 
the  heat  that  is  available  for  vaporization  at  the  lowest  temperature 
level  existing  is  practically  worthless. 

Entirely  different  are  the  relations  when  a  working  body  leaves 
the  motor  at  temperatures  which  lie  above  that  of  the  surroundings. 
This  given-up  heat  has  a  transformation  value  on  account  of  its 
temperature  "  head,"  and  should,  for  economical  reasons,  be  utilized. 


89.     PRACTICAL   CRITERION   OF    HEAT   UTILIZATION. 

With  the  already  mentioned  ignorance  of  the  entropy  change 
of  our  combustible,  it  is  absolutely  necessary  to  search  for  simple 
points  of  view  that  would  permit  of  a  decision  to  be  reached  as  to 
the  degree  of  the  utilization  of  energy. 

For  the  technically  important  combustion  process,  it  is  approx- 
imately allowable,  as  can  be  proved,  to  look  upon  the  occurrence  as 
if  the  liberated  chemical  eriergy  of  the  combustible  mixture  had  heat 
added  to  it  from  the.  outside.  Instead  of  allowing  it  to  exhaust  into 
the  atmosphere  we  can  further  imagine,  for  instance,  with  the  ordi- 
nary four  events  shown  by  the  indicator  diagram,  that  the  products 
of  combustion  are  retained  in  the  cylinder,  and  are  cooled  at  con- 
stant volume  to  atmospheric  condition  ;  whereupon  through  further 
heat  abstraction  during  the  return  stroke  of  the  piston  is  formed 
the  line  of  exhaust,  and  through  imparting  heat,  the  suction  line,  of 
an  indicator  diagram,  and  the  performance  of  the  four  events  may 
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be  started  all  over  again.  From  these  considerations  the  combus- 
tion motor  is  changed  to  a  certain  degree  into  an  enclosed  hot-air 
motor,  and  we  can  apply  to  the  occurrences  and  energy  transforma- 
tions that  are  now  only  looked  upon  as  thermic,  the  same  laws  as 
were  derived  before. 

If  we  take  what  has  been  said,  we  find  that  to  reach  the  highest 
energy  utilization  of  heat  engines  of  any  type  we  can  give  the  fol- 
lowing leading  fundamental  laws  : 

1.  Decreasing  the  passive  resistances,  snc/i  as  friction,  throttling* 
etc.,  avoiding  heat  losses  of  every  type. 

2.  Adding  the  heat  or  conducting  the  combustion  at  the  JiigJiest 
possible  temperature,  abstracting  the  heat  at  the  lowest  practical  tem- 
peratui'c,  avoiding  to  greatest  possible  extent  non-reversible  changes 
of  condition. 

3.  Utilization  of  the given-ojf  heat,  m id  the  application  of  regen- 
erators, zvhere  tlie  kifid  of  combustible  and  the  zvork  processes  permit, 
so  long  as  we  can  construct  practical  and  efficient  regenerators. 

Of  the  known  suggestions  for  improving  the  thermic  working 
processes,  according  to  the  above  points  of  view,  the  following 
deserve  a  short  discussion. 


90.     LATEST  SUGGESTIONS. 

Avoiding  the  addition  of  heat  at  low  temperatures  to  the  feed- 
water,  by  complicating  the  classical  Carnot  process  of  the  steam 
engine  so  that  the  exhaust  steam  is  only  allowed  to  condense 
to  a  certain  degree  of  moisture,  and  with  adiabatic  compression 
to  the  boiler  pressure,  by  means  of  a  compressor,  the  mixture  is 
transformed  into  water  at  the  steam  temperature  of  the  boiler. 
This  suggestion,  originating  in  the  classical  thermodynamics  and 
whose  application  even  Thurston  *  lately  said  was  desirable,  has 
in  itself  much  that  is  enticing.  If  we,  for  instance,  investigate  a 
steam  engine  working  with  "  dry  "  saturated  steam  between  12  kg. 
per  sq.  cm.  (170.7  pounds  per  square  inch)  and  0.2  kg.  per  sq.  cm. 
(2.8  pounds  per  square  inch)  with  reference  to  the  attainable  gain, 
the  application  of  an  air  pump  compressor  promises  a  saving  of  heat 
of  about   10%  ;  with  0.1  kg.  per  sq.  cm.   (1.4   pounds  per  square 


*  Transactions  Amer.  Soc.  Mech.  Eng.,  1901. 
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inch)  back  pressure  the  gain  increases  to  15%.  Still,  we  must  des- 
ignate all  hopes  for  this  process  as  Utopian,  because  the  necessary 
compressor  must  be  of  a  size  nearly  equal  to  the  low-pressure  cylin- 
der of  our  steam  engine,  and  its  work  of  running  light,  in  combina- 
tion with  the  other  resistances,  would  consume  the  entire  gain. 
There  is  also  the  difficulty,  that  with  compression  in  an 
ordinary  piston  engine,  the  steam  and  water  separate,  and  a  very 
incomplete  temperature  exchange  results. 

A  heat  regenerator  has  lately  been  suggested  by  the  German 
patent  No.  129  182  of  Lewicki  v.  Knorring,  Nadrowski  and  Imle* 
in  order  to  utilize  the  exhaust  of  steam  turbines.  The  process  con- 
sists in  taking  the  still  strongly  superheated  exhaust  of  a  turbine 
and  leading  it  into  a  heating  chamber  that  according  to  the  patent 
record  is  placed  in  the  water  or  steam  space  of  a  boiler,  to  there 
evaporate  water  or  superheat  the  steam.  Lewicki,  Jr.,  states  f  that 
in  his  experiments  with  the  application  of  superheated  live  steam  at 
460°  to  500°  C.  (860°  to  932°  F.)  the  steam  exhausted  at  309°  to 
343°  C.  (588°  to  649°  F.).  It  is  obvious  that  the  regaining  of  the 
excess  of  heat  here  exhausted  represents  a  saving.  Lewicki  gives 
the  following  values  : 


One-half 

Full 

Peripheral 

Peripheral 

Admission. 

Admission. 

Steam  temperature 

C.° 

460 

500 

Steam  temperature 

F.° 

86o 

93  2 

Steam  pressure  at  turbine  entrance  . 

kg- 

per  sq. 

cm. 

7.0 

7.0 

Steam  pressure  at  turbine  entrance    . 

lb 

per  sq. 

in. 

99.6 

99.6 

Steam  back  pressure        

kg- 

per  sq. 

cm. 

1.0 

1.0 

Steam  back  pressure 

lb 

per  sq. 

in. 

14.2 

14.2 

Steam  consumption  per  h.  p.e  hour 

kg- 

14.1 

11.5 

Steam  consumption  in  English  h.p.e  . 

hour 

lb. 

3M 

2v6 

Heat  consumption  per  h.  p.e  hour    .     . 

Cal. 

11  270 

9  390 

Heat   consumption     in    English     h.p.e 

hour 

B.t.u 

45  305 

37  748 

Temperature  of  exhaust 

C.° 

309 

343 

Temperature  of  exhaust 

E.° 

588 

649 

Ey  regeneration,  the    gained    quantity 

of  heat  per  h.  p.e  hour 

Cal. 

1415 

1340 

By  regeneration,  the  gained  quantity  of 

heat  per  English  h  p  e  hour       .     . 

B.t.u 

5688 

5  387 

Or  in  %  of  total  heat 

% 

12.5 

14.3 

*  Zeitschr.  d.  Ver.  deutsch.   Ing.,  1002,  p.  783. 
t  Zeitschr.  d.  Ver.  deutsch.  Ing.,  1901,  p.  1716. 
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The  gain,  therefore,  where  analogous  relations  exist,  would 
more  than  pay  for  a  regenerative  heating  apparatus.  Still,  it  is  to 
be  emphasized  that  the  turbine  of  Lewicki  ran  with  too  low  peri- 
pheral velocity,  and  that  the  strong  superheat  of  the  exhaust  was 
not  caused  by  shocks  in  the  blade  channels,  but,  chiefly,  by  the 
retransformation  of  the  exit  energy  of  the  steam  into  heat.  If  the 
peripheral  velocity  is  increased,  then  the  superheat  of  the  exhaust 
would  be  smaller,  and  the  regenerator  can  return  less  heat.  We 
gain  relatively  more  useful  work  for  a  given  expenditure  of  heat ; 
the  total  effect  is  better  if  we  have  the  choice  between  poor  (hy- 
draulic) efficiency  of  the  steam  turbine  and  regeneration  of  a  large 
quantity  of  heat  on  the  one  hand,  or  good  hydraulic  efficiency  but 
regeneration  of  a  smaller  quantity  of  heat  on  the  other  hand ;  the 
latter  arrangement  would  be  most  efficient. 

A  third  suggestion,  that  I  would  like  to  call  a  cycle  process  with 
permanent  superheat,  is,  that  we  let  the  highly  superheated  steam 
expand  isothermally  with  constant  further  heating,  in  order  to  gain 
the  advantage  of  adding  heat  at  the  highest  temperature.  If  we 
imagine  this  process  so  conducted  with  superheated  steam  at  400° 
C.  (752°  F.)  and  12  atmospheres  (176.4  pounds  per  square  inch) 
pressure,  that  the  final  adiabatic  expansion  at  0.1  kg.  per  sq.  cm. 
(1.42  pounds  per  square  inch)  leads  back  to  the  saturated  condition, 
we  get  as  compared  to  simple  superheating  to  400°  C.  (752°  F.)  an 
immediate  adiabatic  expansion  to  0.1  kg.  (1.42  pounds  per  square 
inch),  a  gain  of  about  12%.  The  quantity  of  heat  added  along  the 
isothermal  is  about  30%  of  the  quantity  necessary  for  evaporation 
and  superheating.  To  our  regret,  the  practical  application  of  these 
processes  to  the  many-stage  turbine  is  prevented  because  of  the 
cooling  and  friction  losses  in  the  steam  pipes,  even  with  close  con- 
nection between  motor  and  boiler.  Also,  the  idea  of  continuously 
superheating  by  burning  a  mixture  of  gas  and  air  which  is  gradually 
imparted  to  the  steam,  and  so  by  a  close  union  of  steam  and  gas 
turbine  to  decrease  the  heat  losses,  is  proved  by  closer  investigation 
as  impracticable. 

The  same  thoughts  are  shown  in  the  German  patent  No.  122  950 
(year  1899),  representing  the  idea  of  the  physicist  Pictet,  who  in- 
jected Jiydrocarbons  into  a  highly  heated  and  compressed  mixture  of 
steam  and  air,  ignited  them,  and  used  the  products  in  a  piston 
motor  for  the  performance  of  work.      If  Pictet  works  with  exhaust, 
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then  his  machine  is  a  petroleum  motor  with  water  injection  ;  but  if 
he  applies  condensation,  then  the  air  pump  must  have  such  large 
dimensions  that  the  advantages  of  the  higher  initial  superheat, 
which  is  the  chief  object  of  the  process,  are  again  neutralized. 
Here  becomes  apparent  the  unpleasant  circumstance,  that  the  chief 
motor  must  have  greater  power  in  order  to  supply  the  work  of  the 
air  pump  and  compressor,  and  therefore  become  correspondingly 
larger.  We  have  therefore  a  consumption  for  the  load  of  running 
light  of  the  auxiliary  machines,  and  the  increased  work  of  running 
light  of  the  main  engine,  that  again  absorbs  all  advantages,  as  can 
be  proved  by  calculation. 

Finally,  we  have  in  the  choice  of  fluids  of  high  boiling  point 
with  the  ordinary  steam  engine  process  a  means  of  adding  heat  at 
high  temperatures  ;  and  we  shall  mention  the  patents  of  A.  Siegle 
and  the  steam  engine  of  Schreber.  The  former  lets  a  hydrocarbon- 
ate  which  is  difficult  to  evaporate,  for  instance  solar  oil,  that  evapo- 
rates at  from  350°  to  450°  C.  (  662°  to  842°  F.),  perform  work  in  a 
steam  motor,  after  which  the  residual  oil-water  evaporates  in  a  sur- 
face condenser  built  like  a  steam  boiler,  and  is  utilized  as  a  driving 
force  in  the  usual  way.  Schreber  suggests,  as  a  first  trial,  aniline 
because  of  its  good  thermic  attributes  ;  that  is,  the  advantageous 
relations  of  the  heats  of  evaporization  and  of  the  liquid.  If  we 
wish  to  utilize  the  advantages  of  adding  heat  at  high  temperature, 
this  ratio  must  not  be  too  small.  Schreber*  further  emphasizes 
the  necessity  formerly  overlooked  of  utilizing  the  high  heat  con- 
tents of  the  waste  gases  of  the  fuel  by  economizers,  which  intro- 
duces a  further  element  of  complication. 

This  addition  of  one  or  more  steps  to  the  ordinary  steam  en- 
gine process  seems  exceedingly  seductive,  and  the  improvement  in 
efficiency  greater  than  for  any  other  of  the  schemes  already  men- 
tioned. This  steam  engine  (Mehrstoff-Dampfmaschine)  deserves,  no 
doubt,  the  highest  consideration,  and  it  would  be  worth  while  to 
spend  more  time  and  money  for  the  purpose  of  testing  it.  But  we 
must  expect  to  meet  with  great  difficulties,  among  which  we  might 
mention  the  determination  of  the  entire  composition  of  this  sug- 
gested  material.       Aniline    expecially  has    such   highly  poisonous 


*  Dingier' s  Polytechnisches  Journal,  Nov.,  1902.  Since  then  fully  discussed  in 
the  excellent  work,  The  Theory  of  the  Multiple-fluid  Steam  Engine  (Mehrstoff- 
Dampfmaschinen),  Leipsic,  1903. 
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properties  and  such  an  unspeakably  strong  odor,  that  for  thi  srea- 
son,  even  chemists  doubt  the  industrial  use  of  this  material. 

Because  the  intention  of  increasing  the  height  of  temperature 
was  in  part  impracticable,  and  leads  to  exceedingly  long  and  weari- 
some experiments,  inventive  genius  has  turned  to  increasing  the 
depth  of  temperature,  and  tried  by  means  of  a  heat-abstraction  ma- 
chine or  waste-heat  engine  to  utilize  the  last  difference  between 
condenser  pressure  and  cooling  water  temperatures.  The  process 
consists  of  condensing  the  saturated  steam  in  a  surface  condenser, 
in  evaporating  sulphurous  acid  and  allowing  it  to  perform  work  in  a 
piston  engine.  The  vapor  of  the  sulphurous  acid  is  then  also  con- 
densed in  a  surface  condenser  by  cooling  water.  The  verification  of 
this  suggestion  lies  in  the  fact  that  the  steam  engine  generally 
works  with  a  vacuum  which  exceeds  0.1  kilogram  per  square  centi- 
meter (1.42  pounds  per  square  inch),  and  even  often  exceeds  0.2 
kilogram  (2.84  pounds  per  square  inch).  But  these  pressures  corre- 
spond to  a  temperature  of  about  45°  to  60°  C.  (113°  to  140°  F.), 
while  the  mean  temperature  of  the  cooling  water  is  often  10°  to 
20°  C.  (18°  to  36°  F.)  lower.  Therefore,  theoretically,  there  is  to  be 
gained  a  temperature  drop  of  30°  to  50°  C.  (54°  to  90°  F.),  which 
even  by  a  Camot  engine,  with,  for  instance,  180°  C.  (356°  F.)  upper 
temperature  limit,  would  give  a  gain  of  -^^  and  -^V  that  is,  2G% 
and  50%  respectively.  We  are  informed  by  the  announcements  of 
Josse  as  to  the  progress  of  the  waste-heat  engine,  and  know  that 
here,  too,  considerable  practical  constructive  difficulties  are  to  be 
overcome.* 

As  a  matter  of  fact,  it  is  by  no  means  simple  to  perfect  the  con- 
denser arrangements  of  a  steam  engine  so  that  it  can  work  contin- 
uously with  dilutions  that  have  a  boiling  point  of  10°  to  15°  C.  (50° 
to  59°  F.).      But  if  this  could  be  accomplished,  then  the  entire  tem- 


*  There  is  a  waste-heat  engine  in  the  power  house,  Markgrafenstrasse,  of  the  Ber- 
lin Electrical  Works  that  has  been  installed  for  some  time,  and  is  in  regular  service. 
According  to  a  report  I  received  from  the  above  works,  the  engine  from  Dec.  1,  It  01, 
to  May  31,  1902,  has  been  in  operation  1507  hours,  and  has  delivered  a  mean  useful 
power  of  91  kw.  A  large  number  of  machines,  with  capacities  up  to  400  h.  p., 
are  included  in  this  arrangement ;  one  of  200  h.p.  capacity  has  been  since  Oct.,  1902, 
in  constant  practical  use.  The  greatest  danger  lies  in  the  liability  of  the  condenser 
leaking,  whereby  the  sulphurous  acid  is  oxidized  by  the  water  to  sulphuric  acid, 
and  the  wrought  iron  parts  are  so  eaten  away  (for  instance,  in  one  night)  that  it  is  im- 
possible to  use  the  condenser  again.  The  construction  of  the  stuffing-boxes  seems  to 
fill  the  requirements. 
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perature  drop  of  the  steam  engine  may  be  utilized  ;  however,  it  is 
impossible,  on  account  of  the  low  temperature,  to  prevent  the  in- 
crease of  condensation  in  the  last  cylinder.  The  steam  engine 
must  also  sacrifice  the  last  possible  element  of  expansion,  for  the 
waste  heat  engine  utilizes  it  almost  entirely.  On  the  other  hand, 
the  waste-heat  engine  finds  other  applications  also  ;  for  instance,  a 
gas  waste-heat  motor  being  built. 

The  physicist  Pictet  suggested  a  peculiar  way  of  lowering  the 
temperature  drop  of  a  non-condensing  steam  engine.  He  intends 
to  heat  compressed  air  to  the  temperature  of  the  steam  and  to  mix 
this  with  the  steam  leading  to  the  engine.  If  the  mass-ratio  of  air 
to  steam  is  about  2  to  1,  then,  according  to  Pictet,  the  latter  sup- 
plies about  \  of  the  existing  total  pressure.  If  the  total  pressure 
were  1  pound  per  square  inch,  then  the  steam  has  about  ^  pound 
per  square  inch  pressure,  and  therefore  the  exhaust  into  the  atmos- 
phere would  expand  just  as  much  as  though  a  condenser  were  used. 
From  this  Pictet  concludes  that  the  steam  consumption  of  this 
non-condensing  engine  approaches  nearly  that  of  a  condensing  en- 
gine. But  even  if  we  can  see  a  gain  herein,  we  cannot  doubt  that 
the  installation  of  a  condenser  must  give  better  results.* 


*  This  suggestion  of  Pictet,  while  it  perhaps  holds  good  theoretically,  and  not  con- 
sidering the  practical  difficulties,  overlooks  two  fundamental  losses,  that  can  never  be 
avoided  in  an  engine  working  with  a  mixture  of  different  vapors  or  gases.     The  mixture 

of  steam  and  air  that  can  only  occur  in  a 
steam  cylinder  (or  in  a  reservoir)  because 
of  the  otherwise  unavoidable  rusting  of  the 
boiler,  may  or  may  not  be  complete ;  that 
is,  in  some  parts  complete,  in  others  not. 
Where  it  is  complete,  the  steam  expands  at 
exhaust  to  1  atmosphere,  and  not  to  par- 
tial pressure,  leaving  the  machine  as  wet 
steam  at  100°  C.  temperature,  and  heats 
the  surrounding  air  particles  to  an  equal 
degree.  But  where  the  mixing  is  complete, 
another  loss  takes  place  on  account  of  the 
increase  of  entropy  of  the  mixing  parts,  as 
each  experiences  reduction  of  heat  contents. 
In  order  to  determine  this  latter  loss  mathe- 
matically, we  must  investigate  the  process 
of  diffusion  occurring  at  constant  pressure, 
as  represented  in  Pig.  240.  At  A  the  steam  enters,  at  B  the  air;  at  C  the  mix- 
ture leaves.  If  we  apply  to  the  mixture  contained  between  the  sections  A,  B  and  C 
the  principle  of  the  conservation  of  energy,  we  have  the  following  simple  law: 

Gx\x  +  C2X2  =  Gi  Xi'  +  Go  X2', 


Fig.  240. 
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Gas  Motors  run  by  producer  gas  have  a  decided  advantage,  as 
they  generally  reach  consumption  figures  of  3  200  calories  per 
h.  p.e  hour  (12  875  B.  t.u.  per  English  h.p.e  hour),  and  have  even 
reached  2  800  calories  (11  265  B.t.u.)  ;  that  is,  nearly  23%  of  the 
total  possible  tJiermic  utilization.  Still,  this  motor  type  to-day  is 
limited  only  to  the  existing  combustibles,  namely,  coke  and  anthra- 
cite. However,  Dentz  has  obtained  good  results  with  the  brown- 
coal  gas  producer,  but  the  production  of  power-gas  from  ordinary 
black  coal,  our  chief  combustible,  seems  not  yet  fully  developed. 

Considered  thermodynamically,  the  furthest  advanced  are  finally 
the  motors  for  fluid  combustibles,  and  in  particular  those  of  Banki 
and  Diesel. 

The  latter,  according  to  measurements  by  Prof.  Lundholm,  has 
reached  with  a  3-cylinder  machine  of  120  h.p.,  a  consumption  of 
petroleum  of  0.173  kg.  per  h.p.  hour  (0.385  pound  per  English 
h.p.  hour),  therefore  a  heat  utilization  of  36.8%  referred  to  the 
effective  load.  The  mechanical  efficiency  is  estimated  at  85%,  and 
we  see  from  these  figures  that  the  motor,  since  its  first  introduction 
by  Prof.  Schroter,  has  made  considerable  progress.  The  purely 
thermic  process  can  hardly  be  improved  upon,  because  of  the  exist- 
ing completeness  of  combustion  ;  still,  the  mechanical  efficiency  has 
been  greatly  increased  by  decreasing  the  size  of  the  auxiliary  air 
pump,  and  we  might  expect,  from  the  experience  of  large  steam 
engines,  that  this  efficiency  will  be  even  greater  with  larger  units. 

A  very  enticing  suggestion  originated  with  Friedenthal ;  *  the 


in  which  \i  is  the  heat  contents  of  the  steam,  X2  the  heat  contents  of  the  air  =  ^/"be- 
fore the  mixture ;  \i  ,  \2'  the  same  after  the  mixture,  c7i,  Go  the  weight  of  steam  and 
air  respectively.  Further,  the  volumes  of  the  steam  and  air  passing  through  are 
equal,  then 

G\  v\   =  c72  v<l. 

We  now  calculate  the  entropy,  S  =  G\  s\  +  G-2  s-2  before  the  mixing,  and  the  en- 
tropy, S'  =  G\  s{  +  G<i  s<2  after  the  mixing.  The  product  of  the  increase  of  en- 
tropy S'  —  S  and  the  absolute  temperature  T0,  that  is,  (S'  —  S)  To,  gives  the  loss 
of  work  occurring  due  to  expansion  to  the  temperature  To  by  mixing.  We  have  then, 
for  G\_  =  1,  and  Gi  =  2  at  10  atmospheres  absolute  initial  pressure,  saturated  steam, 
and  air  of  equal  temperature  after  diffusion,  the  part  pressure  of  the  steam  as  4  3  at- 
mospheres, that  of  the  air  5.7  atmospheres,  the  common  temperature  as  440°  C. 
(83")°  F.)  absolute,  the  increase  of  entropy,  0  16  units,  therefore  with  expansion  to  0°  C. 
(32°  F.)  a  loss  of  (6"  -  S)  T0  =  about  44  calories  (174.6  B.  t.  u ). 


*  Proceedings  of  the  German  Physical  Society,  1902,  Vol.  18. 
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liquid  to  be  used  as  fuel  is  evaporated  in  a  return  tubular  boiler, 
made  as  nearly  perfect  as  possible,  at  constant  volume  in  order  to 
increase  the  temperature  to  the  highest  attainable  maximum  (beyond 
the  critical  temperature).  At  this  point  an  expansion  is  caused  in 
the  cylinder  of  a  steam  engine,  and  carried  down  to  atmospheric 
pressure,  whereby  Friedenthal  hopes  at  the  same  time  to  reach 
atmospheric  temperature,  or  even  go  below  it.  If  we  assume  the 
former,  the  vapor  part  of  the  expanding  mixture  is  conducted  to 
the  boiler  and  there  burned,  and  the  liquid  part  is  pumped  into  the 
boiler,  with  the  necessary  additional  supply.  The  heat  generated 
by  combustion  must  just  be  sufficient  to  evaporate  the  required 
quantity  of  liquid.  If  a  fuel  is  found  that  will  satisfy  these  condi- 
tions, then  the  entire  heat  value  is  transformed  into  work.  Still, 
this  problem  stands  to-day  in  a  position  similar  to  the  processes 
mentioned  in  Article  88.  We  can  state  the  quantity  of  heat  that 
has  been  transformed  into  work  if  we  end  the  process  by  conden- 
sing the  vapor  portion  through  the  abstraction  of  the  heat  <90. 
The  fluid  as  well  as  the  vapor  portions  have  described  an  ordinary 
cycle  whose  work  output  is  H'  —  QQ,  so  long  as  H'  is  the  heat 
value  of  the  vapor  state  of  aggregation.  But  this  difference  is 
identical  with  the  heat  value  of  the  fluid  combustible,  and  we  see 
that  here  also  the  efficiency  would  =  1,  if  we  refer  the  work 
gained  to  the  heat  value  of  the  fluid  combustible  which  would 
boil  at  atmospheric  condition,  but  that  the  work  output  remains 
equal  whether  we  begin  with  the  vapor  state  of  aggregation  or 
with  the  liquid  state.  Actually,  we  have  before  us  a  steam  engine 
process  with  exceedingly  high  pressure  ;  still,  it  is  immaterial  so 
far  as  the  gain  of  work  is  concerned  whether  we  use  the  combus- 
tible or  any  other  fluid  as  a  working  body.  But  this  deprives  the 
process  of  all  interest,  and  it  might  in  addition  be  mentioned  that 
it  cannot  be  practically  carried  out,  and  the  assumption  that  the 
adiabatic  expansion  at  atmospheric  pressure  reaches  a  tempera- 
ture below  that  of  the  surroundings  is  an  impossible  one. 

Also,  the  idea  originating  with  Friedenthal,  of  mixing  known 
combustibles,  for  instance  alcohol  with  water,  and  by  their  evapora- 
tion, to  take  up  the  entire  waste  heat,  contains  an  assumption  that 
cannot  be  realized.*     We  can  best  see   this  if    we  imagine  this 


*  The  author  also  in  his  first  edition  made  use  of  the  incorrect  assumption,  and 
thar.ks  Prof.  Mother  for  drawing  attention  to  the  mistake. 
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process  applied  to  a  gas  motor,  where  it  must  likewise  lead  to  the 
same  goal.  Let  us  imagine,  then,  a  suitable  quantity  of  water 
evaporated  by  the  remaining  gases  ;  then  the  relation  is  such  that 
by  means  of  the  condensation,  at  atmospheric  pressure  in  a  perfect 
regenerator  the  steam  quantity  leaving  per  cycle  could  evaporate 
the  entering  quantity  of  water  per  cycle.  The  quantity  of  heat 
belonging  actually  to  the  combustible  gases,  and  to  the  surplus  of 
vapor  temperature,  would  only  increase  the  temperature  of  the  new 
charge  from  cycle  to  cycle  ;  a  normal  condition  is  therefore  im- 
possible. The  same  is  the  case  if  we  entirely  neglect  the  water 
and  carry  over  to  the  fresh  charge  the  remaining  heat  by  means  of 
a  perfect  regenerator. 

It  is  different  with  the  process  already  applied  by  Simon,  to 
utilize  the  heat  of  the  residual  gases  for  evaporating  water  at  such 
a  pressure  that  the  resulting  vapor  during  expansion  will  perform 
work  in  comrron  with  the  combustion  gases.  Here,  theoretically, 
we  can  be  sure  of  a  gain,  even  if  practically  it  seems  doubtful. 
Giild'ier*  thinks  that  the  fundamental  thought  of  such  a  "vapor- 
gas-engine  "  cannot  be  so  easily  disregarded  ;  while  the  tempera- 
ture drop  of  the  residual  gases  is  relatively  small  the  smaller  it  is, 
the  better  the  gas  motor  works  thermally,  and  would  require  ex- 
ceedingly large  heating  areas.  It  would  be  better  also  to  utilize, 
for  vapor  production,  the  heat  given  up  by  the  cylinder  walls  to  the 
cooling  water  ;  that  is,  to  use  the  water  jacket  as  a  vapor  boiler. 
With  the  necessary  high  vapor  pressure,  the  temperature  of  the 
walls  would  be  so  high  that  the  lubrication  of  the  rubbing  surfaces 
would  appear  impracticable. 

Even  if,  therefore,  these  latter  suggestions  offer  no,  or  only  doubt- 
ful, prospects,  we  have  reached  to-day,  thanks  to  the  collaboration  of 
science  and  practice,  some  very  satisfactory  results  with  motors 
working  with  liquid  fuel.  On  the  other  hand,  the  utilization  of  coal, 
our  chief  source  of  energy,  is  still  very  imperfect ;  and  even  if  it  were 
possible  to  change  each  type  of  coal  to  a  gas,  it  can  hardly  rival  the 
Diesel  motor  in  getting  the  heat  value  out  of  the  fuel,  on  account 
of  losses  which  would  be  caused  during  the  process  of  gas  produc- 
tion. There  arises,  therefore,  the  legitimate  question,  whether  or 
not  we  are  following  the  wrong  path,  and  should  give  up  the  actual 


Verbrennungsmotoren,  1903,  p  31. 
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building  of  motors,  and  confine  ourselves  to  the  problem  of  the 
direct  production  of  electricity  from  coal.  In  order  to  discuss  this 
question  with  authority,  I  have  referred  it  to  the  well-known  electro- 
chemist,  R.  Lorenz  of  Zurich,  to  whom  I  am  indebted  for  the  fol- 
lowing statements,  which  I  present  in  summarized  form. 

In  order  that  a  material  in  a  galvanic  element  may  be  useful 
from  an  electromotive  standpoint,  it  must  go  over  into  solution  to 
a  condition  of  the  so-called  ions.  It  has  been  possible  to  dissolve 
coal  in  fluids,  but  it  is  questionable  if  the  solution  were  in  the  form 
of  ions  ;  that  is,  electrically  loaded  atoms  or  atom  groups.  Because 
of  this,  there  have  not  been  found  any,  or  only  doubtful,  electro- 
motive forces.  The  same  is  the  case  of  the  carbon  oxide  element, 
and  we  may  also  say  here  that  the  electromotive  action  is  doubtful. 
Besides  this,  there  are  other  indirect  methods  that  may  be  used,  as, 
for  instance,  the  suggestion  of  Nemst  to  transfer  the  energy  of  the 
coal  by  means  of  a  blast  furnace  to  iron  or  zinc,  and  then  to  con- 
sume these  metals  in  galvanic  elements.  There  must  therefore  be 
elements  constructed  in  which  the  mentioned  metals  must  form  a 
reducible  salt  with  carbon.  This  is  the  case  with  the  "  precipitat- 
ing elements"  discovered  by  Lorenz,  but  the  scientific  investigation 
of  which  has  not  been  fully  completed.  Finally,  we  might  in  an 
indirect  way  utilize  the  decrease  of  electromotive  force  with  the 
temperature,  in  the  reversible  galvanic  chain  (accumulators)  in 
such  a  manner  that  we  might  charge  a  highly  heated  element  of 
low  voltage  during  the  addition  of  heat,  and  discharge  it  at  high 
voltage  after  being  cooled,  and  while  heat  is  being  abstracted. 
The  difference  between  the  added  and  subtracted  quantity  of  heat 
would,  according  to  Camofs  law,  be  transformed  into  electrical  en- 
ergy. Even  elements  working  in  molten  electrolytes  would  only  be 
useful  in  the  region  of  500c  to  860°  C.  (932°  to  1580°  F.),  which 
corresponds  to  a  theoretical  efficiency  of  about  35%  ;  but  here  the 
quantity  of  heat  necessary  to  heat  and  cool  the  element,  as  com- 
pared to  the  useful  heat,  is  so  great  that  the  unavoidable  losses 
must  strongly  influence  the  efficiency.  Therefore  a  union  with 
other  elements  is  necessary,  in  order  to  utilize  the  drop  of  tempera- 
ture to  that  of  the  surroundings,  and  also  to  utilize  the  heat  con- 
tents of  the  fire  gas  of  the  first  process,  leaving  at  about  900°  C. 
(1652°  F.).  Even  for  the  first  experiment,  there  is  needed  highly 
complicated  and  extensive  apparatus. 
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If  I  understand  correctly  the  very  noteworthy  reports  of  Mr. 
Lorenz,  there  is  still  a  series  of  preliminary  problems  awaiting 
solution  before  the  main  problem  of  direct  transformation  can  be 
effected;  but  indirect  transformation  requires  extended  and  com- 
plicated installations,  without,  so  far  as  can  be  seen,  promising  any 
useful  gain. 

There  is,  therefore,  no  immediate  danger  threatened  to  motor 
building ;  but  we  are  wholly  thrown  on  our  own  resources  in  de- 
fending our  position.  For  many  eyes  are  directed  to  a  motor 
which  will  combine  the  high  thermal  results  of  the  gas  engine  with 
the  constructive  advantages  of  the  steam  turbine,  and  for  these 
reasons  will  now  be  briefly  discussed.      It  is  the  gas  turbine. 

91.     THE   GAS   TURBINE. 

The  work  process  that  naturally  suggests  itself  for  a  gas  turbine 
is  as  follows  :  gas  and  air  are  separately  compressed  by  means  of  a 
compressor  to  a  more  or  less  high  pressure,  burned  in  a  chamber  at 
constant  pressure  and  then  led  directly  to  the  turbine.  The  system 
of  the  turbine  is  theoretically  a  matter  of  indifference ;  the  expan- 
sion is  first  carried  on  to  atmospheric  pressure.  This  process  corre- 
sponds to  the  well-known  cycle  of  Brayton,  of  which  gas  motor 
theory  proved  that  exactly  the  same  thermal  efficiency  at  assumed 
constant  specific  heat  existed  there  as  in  the  ordinary  explosion 
process,  provided  the  final  pressure  of  compression  of  the  latter  is 
as  high  as  the  combustion  pressure  of  Brayton.  The  ideal  gas  tur- 
bine would  therefore  give  the  same  economy  as  the  ideal  four-cycle 
motor,  and  there  remains  only  the  question  of  how  large  in  each 
case  the  losses  of  work  and  of  cooling  become  in  practical  construc- 
tion. The  work  of  compression  for  gas  and  air  is  equally  large  on 
the  average,  and  the  needed  consumption  of  power  for  this  purpose 
is  not  much  different,  if  we  consider  that  the  rods  of  the  turbine 
compressor  are  light,  but  require  a  gear  wheel  arrangement.  The 
remaining  losses  of  work  of  the  piston  motor  might  be  somewhat 
less. 

We  must,  on  account  of  the  high  temperatures,  use  turbines 
with  a  single  pressure  stage,  hence  nozzle  turbines.  If  we  calculate 
on  equally  high  cooling  losses,  the  same  energy  remains  at  our  dis- 
posal.     In  the  gas  motor  the  energy  appears  as  the  actual  indicated 
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work  of  which  we  lose  in  large  units  about  20%  because  of  resist- 
ances during  suction  and  exhaust,  as  well  as  the  engine  resistance 
under  friction  load,  receiving  thereby  80%  as  effective  work  at 
the  shaft.  In  the  steam  turbine  we  must  subtract  the  nozzle  and 
the  blade  frictions,  the  losses  of  exhaust,  and  the  wheel  friction 
to  get  the  effective  power.  The  sum  of  these  losses  is  in  the  well- 
known  single  stage  steam  turbine,  more  than  40%,  and  the  gas 
turbine  has  the  advantage  that  its  cooling  losses  may  become  smaller 
than  those  of  the  gas  motor,  if  we  are  able  to  isolate  the  com- 
bustion chamber  internally  so  that  a  water  cooling  may  be  omitted. 
But  now  comes  the  cardinal  difficulty,  that  a  work  of  this  type  re- 
sults in  very  high  temperatures  at  the  end  of  expansion,  through 
which  the  life  of  the  wheel  blades  is  threatened.  If  we  mix  with 
the  air  for  combustion  atomized  water  which  must  be  evaporated, 
then  the  temperature  can  be  kept  lower  ;  but  the  efficiency  drops  in 
the  same  ratio.*  The  utilization  of  the  waste  heat  for  evaporating 
the  injected  water  in  order  to  save  the  latent  heat  was  here  made 
use  of  ;  but  in  all,  it  seems  questionable  whether  a  gas  engine  of 
the  described  type  could  enter  into  favorable  competition  with  the 
piston  motor. 

It  is  much  different  with  the  scheme  already  suggested  to  com- 
bine the  turbine  with  the  ordinary  four-cycle  motor  in  such  a  man- 
ner that  the  explosion  gas  is  led  to  the  turbine  during  the  expansion 
period,  and  at  the  same  time  performs  work  in  the  cylinder.  We 
could,  no  doubt,  carry  the  expansion  to  atmospheric  pressure  and 
seemingly  reach  without  trouble  what  the  compound  gas  motor, 
because  of  the  decided  cooling  of  the  working  gases,  formerly  tried 
in  vain  to  accomplish.  The  theoretical  gain  contrasts  strongly  with 
the  poor  utilization  of  expansion  work  in  the  turbine,  for  the  in- 
creased losses  in  the  nozzle  must  work  with  greatly  varying  press- 
ure ratios.  Furthermore,  the  intermittent  working  is  for  many 
reasons  unfavorable,  while  the  difficulties  with  the  temperature  also 
remain,  as  in  the  equal  pressure  turbine. 

An  advance  in  the  thermal  utilization  of  heat  will  not  be 
brought  about  by  the  gas  turbine;  still,  it  will  receive  much  consid- 
eration on  account  of  the  prospects  offered  for  the  utilization  of 
the  fuel  on  which,  until  now,  steam  engineering  depends.     The  tar 


*  See  the  complete  calculation  of  Lorenz  in  Zeitschr.  d.  Ver.  deutsch.   Ing.,  1900. 
p.  252,  which  will  give  approximately  the  same  results  for  varying  specific  heats. 


CALCULATION   OF    UNIFORM  PRESSURE  GAS   TURBINE.      417 

and  asphaltum  type  of  substances  that  are  formed  during  the  pro- 
duction of  gas  from  bituminous  coal,  and  make  the  working  of  gas 
motor  impossible,  can,  with  a  steam  turbine,  be  burned  in  an  enclosed 
generator  under  pressure,  and  thereby  rendered  harmless.  As  the 
steam  turbine,  without  bringing  an  actual  betterment  of  steam 
economy,  has  entered  into  the  industry  because  of  its  constructive 
simplicity,  so  will  it  be  with  a  gas  turbine,  which  is  constructively 
simpler  than  the  gas  motor,  provided  it  will  only  exceed  the  steam 
motors  in  efficiency.  The  constructive  difficulties  that  have  to  be 
overcome  in  a  large  gas  motor  because  of  the  immense  piston  press- 
ures and  heat  expansion  of  the  complicated  cylinder  heads  (cracks 
galore ! )  are  well  known.  A  safe  gas  turbine  would  in  this  re- 
spect be  an  improvement.  As  is  known,  experiments  are  in  prog- 
ress to  supplant  the  piston  compressor  by  a  rotating  one,  as, 
for  instance,  in  Parsons'  patent,  who  takes  his  turbine  for  this  pur- 
pose with  reversible  flow  and  direction  of  rotation.  The  first  de- 
signs did  not  promise  much,  because  Parsons  with  only  1.4  atmos- 
phere (20.6  pounds  per  square  inch)  gauge  pressure  reached  only 
60%  efficiency.  Our  experiments  also  show  that  the  compression 
of  flowing  vapors  or  gases  occurs  with  greater  resistances  than  the 
expansion.  The  constructive  simplicity  of  such  an  arrangement 
could  not  be  exceeded  ;  but  only  when  the  mechanical  efficiency  of 
the  compression  reaches  an  exceedingly  good  value,  and  when  the 
utilization  of  the  flow  energy  in  a  turbine  has  been  considerably 
increased,  or  when  substances  have  been  found  of  sufficient  stabil- 
ity beyond  red  heat,  will  the  gas  turbine  be  taken  up  in  the  indus- 
trial world. 

The  interest  which  the  motor  occasions  will  permit  us  to  give 
the  following  short  mathematical  discussion. 


92.  CALCULATION   OF   A   UNIFORM    PRESSURE   GAS 

TURBINE. 

The  calculation  of  a  gas  turbine  by  a  graphical  analytical 
method  is  exceedingly  simple,  Fig.  241,  if  we  allow  ourselves  to 
consider  the  specific  heats  of  the  gas  to  be  constant  for  the  con- 
struction of  the  adiabatics,  while  their  changeability  is  taken  into 
account  during  constant  pressure.  We  draw  in  one  pound  (kg.)  of 
the  gas  and  air  mixture  suitable  for  combustion,  and  compress  the 
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same  either  according  to  the  adiabatic  A  B  or  as  in  an  ideal  com- 
pressor, according  to  the  isothermal,  ABV  The  contents  of  the 
areas  ABB' A'  and  ABXB' A'  respectively  are  the  indicated  com- 
pression work,  and  are  measured  in  foot  pounds  (meter  kilogram) 

and  designated  byZA.and 
Lkf  respectively.  For 
these,  only  as  an  exam- 
ple of  the  way  in  w  hie  It 
this  calculation  is  to  be 
regarded,  we  make  the 
further  assumption,  that 
the  mixture  in  its  pas- 
sage to  the  combustion 
chamber  at  adiabatic 
compression,  cools  to 
the  initial  temperature, 
Tx.  We  will  imagine 
the  heat  of  combustion 
as  a  quantity  Qx,  added 
externally,  and  refer  to 
the  fact  that  according 
to  the  Hutte,*  in  the  presence  of  the  theoretical  quantity  of  air,  the 
quantity  of  heat  developed  per  cubic  meter  of  the  mixture  varies 
very  little  for  different  kinds  of  gas ;  as,  for  instance,  Dowsen  gas 
has  about  600,  and  illuminating  gas  about  800  calories  ;  and  corre- 
spondingly less  with  a  surplus  of  air.  Of  this  heat  value  of  the 
mixture,  H  heat  units  per  cubic  feet  (cu.  m.),  there  is  lost  f  H 
through  cooling ;  and  there  remains 
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zV  — 


Volume 
I 


v¥ 


Fig;.  241. 


so  that 


H'  =  (1  -  f )  H 
Qx  =  H'vY     . 


(1) 


where  vx  is  the  volume  in  cubic  feet  (cu.  m.)  at  the  pressure  of  1 

pound  per  square  inch  (1  kg.  per  sq.  cm.)  (=AfA),  because  H'  is 

also  referred  thereto.     The  final  temperature,  T3 ,  we  get  from  the 

relation 

Oi  =  6,(^-7",) (2) 

*  Engineer's  Pocketbook  "  Hutte,"  published  by  the  Academic  Society,  "  Hutte," 
of  Berlin,  Germany. 
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where  cp  stands  for  the  mean  value  of  the  specific  heat  for  the  tem- 
perature interval  Tx  to  T3.  The  corresponding  volume  B'  C '=  v% 
we  find  from  the  equation 

vs  =  v{ 


Ti 


The  adiabatic  expansion  CD  gives  the  work  area  A' B'C D,  from 
which  the  theoretical  exit  velocity  c  at  the  nozzle  exit  can  be 
determined  from 


±_=    /    vdp  =  zxe*A'B'CD      ....     (3) 

2  2       Jn_ 


Now  by  drawing  the  velocity  diagram  and  approximating  the  wheel 
friction,  as  was  explained  with  the  single  stage  steam  turbine,  deter- 
mine the  efficiency  rjw  and  the  power  that  is  delivered  at  the  shaft  = 
Lw  .      Let  area  A'  B'  C  Z>  be  represented  by  IJ;  then 

Lw  =  L0Vw       (4) 

From  this  work  there  must  be  subtracted  the  power  necessary  to 

drive   the   compressor ;    that  is,  —  where    i\k    is    the    mechanical 

efficiency  of  the  compressor.  The  effective  power,  Le,  is  there- 
fore 

Le  =  r)wL0 Lk (5) 

Vk 

The  consumption  of  heat  is  Qx  in  heat  units,  or  ~  in  foot-lbs.  (m. 
kg.)  ;  therefore,  the  total  efficiency  of  the  "dry"  working  turbine 


is 


n«  =  4^ •     (6) 


We  now  inject  into  the  combustion  chamber,  per  pound  (kg.)  of 
the  gas  mixture,  y  pounds  (kg.)  of  water,  which  evaporates,  and  is 
superheated  to  the  temperature  7y,  for  whose  calculation  the  fol- 
lowing equation  will  serve  : 
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cp(T3-  77)  =  y  [q3  -q,  +  r,  +  c'  (td'  -  t,)  ]    .     .      (7) 

In  this,  qz  is  the  heat  of  the  liquid  corresponding  to  the  partial 
pressure  pz  of  the  vapor,  r3  is  the  external  heat  of  vaporization,  t3 
the  temperature  of  saturation,  <:'  =  0.48  of  the  specific  heat,  q^  the 
initial  heat  of  the  liquid.  We  find  from  the  equation  of  condition 
approximately 

47  y 
h  =  h  29X^47^ (8) 

if  we  place  for  the  gases  of  combustion  the  constants  for  air.  The 
volume  of  the  total  mixture  decreases  to 


W=£-v* (9) 

J-  ? 


The  exponent  of  the  adiabatic  CD'  for  constant  specific  heat  can 
easily  be  calculated,  and  is 

V  =  Clp  +  y°2p (10) 

civ  4-  yc2v 

in  which  subscript  1  refers  to  the  mixture,  and  subscript  2  to  the 
vapor.  With  these  values  temperature  T/  may  be  approximately 
calculated,  and  is  the  temperature  existing  in  the  turbine  chamber, 
and  is  important  on  account  of  the  life  of  the  blades.     The  work  is 

LQ'=A'B'C'D' (11) 

corresponding  to  the  work  of  the  total  weight,  1+ y  pounds  (kg.), 
and  gives  the  new  (theoretical)  exit  velocity  c'  by  the  formula 

a  +  y)f  =  L0' (12) 


The  delivered  work  at  the  shaft  is  the  power  of  the  turbine  wheel, 
and  is 

v  =  */v (13) 


CALCULATION   OF  A    UNIFORM   PRESSURE   GAS   TURBINE.        421 
and  the  new  effective  power  is 

L:  =  Vl/L0f--Lk        (14) 


Finally,  the  total  efficiency  is 


A  T  ' 
V  =  ^ (15) 


CALCULATION   BY   MEANS    OF    THE   HEAT   CONTENTS. 

The  heat  contents  of  a  gas  for  constant  pressure  is,  according  to 
the  general  formula  la,  Article  14,  per  unit  weight  of  gas, 

/  =  u  +  A  pv=~cvT+ART=  (7V  +  AR)  T=cpT.     (16) 

in  which  cp  is  the  mean  value  of  the  specific  heat  between  the 
absolute  zero  temperature  and  T.  With  this  value,  the  various 
phases  of  the  gas  turbine  processes  are  exceedingly  easy  to  follow. 
We  shall  imagine  the  temperature  of  all  places  to  have  been  cal- 
culated, and  designate  the  heat  contents  at  the  points  A,B,Bl}  C,D, 
by  using  these  letters  as  subscripts  to  /,  as  J A>  JB,  JB  f  Jc,  JD,  etc. 
Then  follows  from  the  consideration  of  the  cycle  process  A'  Bf  BA, 
the  indicated  compression  work  in  heat  units  under  adiabatic  com- 
pression, to  which  we  will  confine  ourselves, 

ALk  =  JB-JA (17) 

We    shall  again  assume  that  the  mixture  compressed  to  TY  (point 
Bx)  is  cooled,  because  A  B1  is  an  isothermal,  we  have 

Jbx  =  Ja (18) 

a.     WITHOUT   WATER  INJECTION. 
The  heat  added  by  the  combustion  is 

Qi  =  Jo-Jb, (19) 

from  which  Jc  is  determined.      The  available  work  of  the  turbine  is 
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AU  =  JC-JD (20) 

If  we  let  Q2  be  the  quantity  of   heat   that   has   been  extracted 
from  the  products  of  combustion  along  the  path  D  A,  that  is, 

Qi  =  J  d  ~  J  A* 
then  we  can  also  let  the  available  work  be 

A  U  =  {Jo  ~  JBl)  -  {Jd  -  JBl), 

or  place  JB  for  J A  in  the  second  parenthesis  ;  and,  as  is  immediately 
apparent, 

AL,  =  QX-Q2 (20a) 

The  theoretical  exit  velocity  c  is  found  from  the  equation 


A-^-  =  Jc-JD  =  cp{T,-Tt)       .     .     .     (21) 


The  effective  power  in  heat  units  is 


AL^iQ.-Q,)^-^      ....     (22) 


The  total  efficiency  is  (with  adiabatic  compression) 


*- ^ v±==Q^Q1vw_al^1^  (23) 

Qi  vi  vi   Vt 


/3.     WITH   WATER   INJECTION. 

77  is  to  be  taken  according  to  formula  7  and  T/  for  adiabatic 
expansion  with  exponents  as  in  equation  10.  The  partial  pressure 
px  of  the  vapor  at  point  D'  is  calculated  by  the  formula 

*-ahtfie (24) 
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and  serves  for  the  determination  of  the  quantity  of  heat  Q2 ,  which 
is  abstracted  from  the  mixture  in  order  to  cool  it  from  condition  Dr 
to  condition  A.     It  is 

Q2  =  y  [0.48  (//  -  r4)  +  r4  +  qA  -  gj  +  7p  (//  -  tx)  .      (25) 

In  this  t4  is  the  temperature  of  saturation  corresponding  to/4,  and 
;-4  and  qA  are  the  external  heat  and  the  heat  of  the  liquid  ;  qx  is 
the  heat  of  the  liquid  at  temperature  tx ,  and  we  shall  assume  that 
tx  <  t4  <  //  ,  which  generally  occurs.  In  this  we  may  neglect  the 
slight  remaining  quantity  of  water  in  vapor  form  at  temperature  tx . 
We  now  have 

ALt<  =  Q,-Q2 (26) 

A{l+y)^-=Ql-Qi (27) 


AL;  =  Vl,-(Qi-Qi)-~ALi   ....     (28) 


n;  =  VirQ±^_^ (29) 

<2i         v&  Qi 

By  means  of  these  equations,  we  may  follow  the  changes  of 
efficiency  when  the  chosen  pressure  of  compression  and  the  quan- 
tity of  injected  water  change. 

We  can  easily  derive  the  formulae  for  the  case  when  the  water 
is  partially  evaporated  by  the  waste  gases  at  the  pressure p.iy  and 
then  the  vapor  introduced  into  the  combustion  chamber.  This 
method,  though  but  slightly  flexible,  is  more  favorable  than,  perhaps, 
the  method  of  decreasing  the  temperature  by  increasing  the  excess 
of  air,  because  the  air  must  be  already  compressed,  while  the  water 
is  in  a  fluid  condition,  hence  must  be  forced  into  the  heating  body 
with  negligibly  small  consumption  of  work. 

The  efficiency  increases  with  the  pressure  of  compression  to  a 
certain  limit,  and  then  again  decreases  ;  but  possesses  with  the 
usual  assumptions  for  rj/r  and  rjk,  unsatisfactorily  small  values. 
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The  book  is  very  fully  illustrated  in  order  that  all  the  subject  matter, 
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This  work  embraces  an  illustrated  description  of  the  greatest  variety  of 
mechanical  movements  and  devices  in  any  language.  Commencing  with 
the  simple  resolution  of  forces,  and  the  elements  of  the  lever  in  its  various 
forms  and  applications,  with  a  notation  that  is  easily  resolved  by  any 
ordinary  arithmetician.  It  extends  the  notation  and  the  resolution  of 
power  to  the  screw,  worm  gear,  tackle  blocks  and  to  the  measurement  of 
power  by  the  prony  brake  and  various  kinds  of  dynamometers. 

It  illustrates  fully  the  leading  devices  for  the  transmission  of  power  and 
its  measurement.  Generators  and  transmitters  of  steam  power  ;  steam 
appliances  ;  gas  motors  and  valve  gears  of  steam  and  gas  Engines- 
Hydraulic  power  and  devices  for  the  measurement  of  hydraulic  effects. 
Filtration  and  water  supply.  Atmospheric  power  and  motor  devices, 
blowers,  air-compressors  and  water-lifts.  Pneumatic  tools.  The  principles 
of  construction  in  electric  appliances  for  power,  lighting,  heating  and 
welding.  The  names  and  rig  of  sailing  vessels  of  all  kinds  ;  rope-knots, 
screw  propellers.  Road  appliances  ;  the  horseless  carriage,  tricycle  and 
bicycle  movements.  Intermittent,  elliptic  and  epicyclic  gearing  and  gear 
movements.  The  Fergusson  paradox  and  its  kind  ;  planetary  gear. 
Ratchet  motions  and  devices  controlling  motions  of  all  kinds.  Cranes  and 
counting  devices,  curious  crank  and  eccentric  motions,  universal  joints  of 
many  designs.  Clock  and  watch  movements  and  devices.  Mining,  hoist- 
ing and  conveying  devices.  Separating  of  ores  and  dredging.  Shop  and 
factory  appliances,  tools,  standard  screw  threads.  Mills  and  mill  appli- 
ances ;  roofs,  bridges,  railway  devices,  locomotives.  Gas  controlling  and 
operating  devices.  Acetylene  generators,  lamps  and  burners.  Arms  and 
ordnance.  Combining  in  all  a  most  useful  encyclopaedia  of  the  mechanical 
arts.  A  book  for  inventors,  students,  draughtsmen,  mechanics,  engineers, 
electricians,  and  all  interested  in  any  way  in  the  devising  and  operation  of 
mechanical  works. 
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By  BERTRAM  BLOUNT,  F.I.C.,  F.C.S,  Assoc.  Inst.  C.E. 

Consulting  Chemist  to  the  Crown  Agents  for  the  Colonies. 

Demy  8vo.         Fully  Illustrated. 
15s.    net. 

CONTENTS : 
Section  L,  General  Principles.  Section  II.,  Winning  and  Refining  of 
Metals  by  Electrolytic  Means  in  Aqueous  Solution.  Section  III.,  Winning 
and  Refining  Metals  in  Igneous  Solution.  Section  IV.,  Winning  and 
Refining  Metals  and  their  Alloys  in  the  Electric  Furnace  :  Carbides,  Borides 
and  Silicides.  Section  V.,  Electro  Deposition.  Section  VI.,  Alkali, 
Chlorine  and  their  Products.  Section  VII.,  Electrolytic  Manufacture  of 
Organic  Compounds  and  Fine  Chemicals.     Section  VIII.,  Power. 


Acetylene 

By   VIVIAN    B.    LEWIS,    F.I.C.,    etc. 

Professor  of  Chemistry  Royal  Naval  College,  Greenwich, 
Chief  Superintending  Gas  Examiner  to  the  Corporation  of  the  City  of  London,  etc. 

About  1,000  pages  and  228  Illustrations. 
32s.  net. 

CONTENTS : 
The  History  of  Acetylene  from  its  Discovery  to  the  Introduction  of  Com- 
mercial Acetylene.  The  Preparation  of  Acetylene.  Acetylene  and  its 
Properties.  The  Chemical  Re-actions  of  Acetylene.  The  Electric  Furnace 
and  its  Application  to  the  Manufacture  of  Calcium  Carbide.  The  Manu- 
facture, Properties,  and  Impurities  of  Calcium  Carbide.  The  Generation 
of  Acetylene.  The  Impurities  of  Commercial  Acetylene  and  the  Processes 
adopted  for  their  Removal.  The  Generation  of  Light  and  Power  from 
Acetylene.  The  Utilisation  of  Diluted  Acetylene.  The  Analysis  of  Ma- 
terial for  Carbide.  Manufacture  of  Carbide  and  of  Acetylene.  Legal 
Enactments  in  Force  in  Various  Countries  with  Regard  to  the  Use  of 
Acetylene.     English  Patents,  Appendix  of  Useful  Data,  Index. 


The  Art  of  Illumination 

By    LOUIS    BELL,    Ph.D. 

Demy  8vo.         345  pages.         Fully  Illustrated. 
10s.  6d.  net. 

CONTENTS : 
Light  and  the  Eye.  Principles  of  Colour.  Reflection  and  Diffusion. 
The  Materials  of  Illumination.  Illuminants  of  Combustion.  Incandescent 
Burners.  The  Electric  Incandescent  Lamp.  The  Electric  Arc  Lamp. 
Shades  and  Reflectors.  Domestic  Illuminations.  Lighting  Large  In- 
teriors. Street  and  Exterior  Illumination.  Decorative  and  Scenic  Illu- 
mination. The  Illumination  of  the  Future.  Standards  of  Light  and 
Photometry. 
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Tables  of  Multiplication,  Division 
and  Proportion 

EXTENDED   TO    ioo  BY   160 

For  the  Ready  Calculation  of  Quantities  and   Costs, 

Estimates,  Invoice  Prices,  Interests  and  Discounts, 

Weights  and  Strengths,  Wages  and 

WAGE   PREMIUMS 

Accompanied  by  full  explanations  and  examples  of  how  to  use  the  Tables 
by  direct  inspection  and  by  interpolation.  All  2-figure  and  many  3-figure 
factors  are  dealt  with  by  direct  inspection,  while  all  4-figure  and  many 
6-figure  factors  are  accurately  manipulated  by  help  of  a  simple  mental 
interpolation.  The  Tables  are  primarily  intended  to  aid  in  the  calculation 
of  Wages  under  the  new  Premium  and  Bonus  Systems.  They  are  also 
very  useful  in  finding  Discounts  larger  than  are  covered  by  the  ordinary 
Interest  Tables.  They  obviate  mental  fatigue  in  all  technical  and  industrial 
calculations,  simple  inspection  without  interpolation  giving  all  results 
obtainable  by  the  common  Slide-Rule  10  inches  long;  while  with  interpola- 
tion 4-place  accuracy  and  approximation  in  the  5th  significant  figure  is 
obtained,  which  is  yielded  only  by  Fuller's  Spiral  Rule  with  Scale  42  feet 
long. 

The  tables  are  designed  for  the  use  of  Technical  Schools  as  well  as  for 
Technical  and  Professional  Offices, 

They  are  mounted  on  Linen  and  folded  in  16  narrow  pages  in  a  form 
facilitating  rapid  use,  and  are  easilv  carried  in  the  pocket. 

By  ROBERT  H.  SMITH,  A.M.I.C.E.,  M.I.M.E.,  M.I.E.E.,  etc., 

Prof.  Em.  of  Engineering  and  Mem.  Ord.Meiji. 

6s. 


Entropy 

By   JAMES    SWINBURNE,  M.Inst.C.E.,  M.I.E.E.,  etc. 

Illustrated  with.  Diagrams. 

4s.  6d.  net. 

CONTENTS : 
Introduction.  Origin  of  Common  Error  as  to  Entropy.  Personal. 
Irreversible  Changes  not  Considered  Properly.  Entropy.  Work  Heat 
and  Waste.  What  Entropy  is  Not,  and  What  It  Is.  Three  Kinds  of 
Perpetual  Motion.  Three  Laws  of  Thermodynamics.  Reversible  Cycle. 
Entropy  as  a  Eactor  of  Incurred  Waste.  Reversibility.  Localisation  of 
Entropy.  More  Convenient  Definition  of  the  Entropy  of  a  Body.  The 
Temperature  Entropy  Diagram.  Irreversible  of  Free  Expansion.  Dif- 
ference of  Areas  of  6  <p  and  pv  Diagrams.  Ungained  Work.  Diagram  for 
Steam.  Real  Factors  of  Heat.  Conduction.  Movement  of  Entropy. 
Conduction  of  Heat.  Volume.  Growth  of  Entropy  in  Conduction.  Unit 
of  Entropy.  Physical  Meaning  of  Entropy.  Conclusion.  Appendix. 
The  Reversibility  of  Thermodynamics.  Present  or  Orthodox  Treatment. 
Skeleton  of  Proposed  Treatment  of  Thermodynamics.  Waste.  Reversi- 
bility.    Equilibrium.     Stabilities.     Conduction.     Units.     Conclusion. 
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Refuse  Destructors  and   Power 
Production 

By    F.    GOODRICH 

Demy  8vo.         Fully  Illustrated. 

21s.  net. 

CONTENTS  : 

Introduction.  Refuse  Tipping  on  Land.  Refuse  Tipping  at  Sea. 
Systems  of  Charging  Refuse  into  Cells.  British  Destructors  Described  and 
Illustrated.  Labour  Cost.  Clinkering.  The  Residuum  and  Methods  of 
Disposal.  Destructors  Combined  with  Electricity  Works.  Destructors 
Combined  with  Sewage  Works.  Destructors  Combined  with  Water  Works. 
Destructor  Sites.  The  Comparative  Advantages  of  Steam  Jet  Blowers 
and  Fans.  Special  Points  in  Design  for  Securing  and  Maintaining  High 
Temperature  and  Steady  Steaming.  The  Comparative  Advantages  of 
Various  Types  of  Steam  Boilers  for  Destructive  Purposes.  Refuse  De- 
structors in  the  Metropolitan  Boroughs,  London.  Refuse  Destructors  in 
England  and  Wales.  Refuse  Destructors  in  Scotland  and  Ireland.  Refuse 
Destructors  Abroad.     Concluding  Remarks. 


Small  Dust  Destructors  for 
Institutional  and  Trade  Refuse 

By    F.    GOODRICH 

Demy  8vo. 
4s.  net. 

CONTENTS : 

Introductory.  Isolation  Hospital  Refuse  Destructors.  Institutional 
Refuse  Destructors  Described  and  Illustrated.  Portable  Destructors. 
American  Practice.     The  Disposal  of  Trade  Refuse. 


Elementary  Studies  in 
Chemistry 

By    JOSEPH    TORREY 

Instructor  in  Harvard  Universit  y. 

Crown  8vo. 
6s.  net. 
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Electricity  and  Matter 

By  J.  J.  THOMPSON,  D.Sc,  LL.D.,  Ph.D.,  F.R.S. 

Price  5s.  net. 

CONTENTS  : 
Representation  of  the  Electric  Field  by  Lines  of  Force.     Electrical  and 
Bound  Mass.       Effects  due  to  the  Acceleration  of  Faraday  Tubes.      The 
Atomic  Structure  of  Electricity.    The  Constitution  of  the  Atom.     Radio- 
activity and  Radio-active  Substances. 


The  Discharge  of  Electricity 
through    Gases 

By  Professor  J.  J.  THOMSON,  F.R.S. 
Crown  8vo. 
4s.  6d.  net. 


The  Engineer  in  South  Africa 

By  STAFFORD  RANSOME,  M.Inst.CE. 

Demy  8vo.         Fully  Illustrated. 

7s.  66.  net. 

CONTENTS : 
Introduction.  Industrial  Geography.  The  Cost  of  Living  and  Travel- 
ling. Politics  and  their  Bearing  on  the  Industrial  Question.  The  Coming 
Business  "  Boom."  The  Prospects  of  Employment.  The  Labour  Ques- 
tion. Intercolonial  Relations.  The  British  Manufacturer.  The  Com- 
petition in  Gold  Mining  Machinery.  The  Struggle  for  Life  in  Rhodesia. 
Possibilities  in  the  Orange  River  Colony.  A  Business  Policy  for  Manu- 
facturers. The  Theory  and  Practice  of  the  Railways.  The  Harbours  of 
Cape  Colony.  Durban  Harbour.  Diamond  Mining  in  Kimberley.  Under- 
ground at  the  Rand  Mines.  The  Treatment  of  Gold  Ore.  Well  Boring  in 
Cape  Colony.     Irrigation  :   A  Disappointing  Situation. 

The  Internal  Wiring  of  Buildings 

By   H.    M.    LEAF,    M.I.M.E,    etc. 
Fully  Illustrated. 
3s.  6d.  net. 

Revised  and  Enlarged,  with  a  chapter  on  Electricity  Meters  and  the  New 

Rules  of  the  Institution  of  Electrical  Engineers. 

CONTENTS : 

Introduction.     Electric  Cables.     General  Arrangement  of  Conductors 

and  Cut-outs  in  Buildings.     Jointing  and  Wood  Casing  System  of  Wiring. 

Metal  Tube  and  Concentric  Systems  £>f  Wiring.     Electrical  Accessories. 

Testing.     Costs  and  Estimates  for  Wiring.      Electrical  Meters  and  Systems 

of  Charging  for  Electric  Current.     Regulations  of  Insurance  and  Electric 

Supply   Companies.     London    County   Council    Regulations    for   Testing 

Meters.     Rules  and  Regulations  of  the  Institution  of  Electrical  Engineers. 

Index. 
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Electric    Furnaces 

By    J.    WRIGHT 
Demy  8vo.         With  57  Illustrations. 

8s.  6d.  net. 

CONTENTS  : 

Introductory  and  General.  Efficiency  of  the  Electric  Furnace.  Arc 
Furnaces.  Resistance  Furnaces.  Carbide  Furnaces.  Smelting  and  Ore 
Reduction  in  the  Electric  Furnace.  Distillation  of  Metals.  Electrolytic 
Furnaces.  Laboratory  Furnaces  and  Dental  Muffles.  Tube  Furnaces. 
Glass  Manufacture  in  the  Electric  Furnace.  Electrodes  and  Terminal 
Connections.     Furnace  Thermometry. 


Electric  Traction   Engineering 

By  H.  F.  PARSHALL  and  H.  M.  HOB  ART. 

Fully  illustrated. 


Modern  American  Machine  Tools 

By  C  H.   BENJAMIN. 

Fully  illustrated. 


Electricity  in   Town  and   Country 

Houses 

By    PERCY    E.    SCRUTTON. 

Third  Edition.         Crown  8vo.         Fully  Illustrated. 

2s.  6d. 


Art-Enamelling  upon  Metals 

With  many  Illustrations  and  Two  Coloured  Plates. 
By    H.    H.    CUNYNGHAME,    F.R.S. 

Second  Edition.     Large  Crown  8vo. 

6s.  net. 


ARCHIBALD    CONSTABLE    &    CO.    Ltd. 

National  Engineering  and 
Trade  Lectures 

"  To  Stimulate  and  Expand  British  Trade" 

Assisted    by  the  Board  of  Trade  and  other  Government  Departments, 

various    Colonial  Governments,   British  Consular  Officers,   Chambers  of 

Commerce,  Employers'  Federations,  Technical   Institutions,  etc. 

Edited  by  B.  H.  MORGAN. 

Fully  Illustrated. 

6s.   net  per  volume. 

Vol.   i. — British  Progress  in  Municipal  Engineering. 

A  series  of  Three  Lectures,  by  William  Maxwell,  Assoc. 
M.Inst.C.E. 

Vol.  2. — British  Progress  in  Pumps  and  Pumping  Engines. 

By  Philip  R.  Bjorling,  Consulting  Engineer,  Author  of 
"  Pumps  and  Pump  Motors." 

Vol.  3. — British  Progress  in  Gas  Works  Plant  and  Machinery. 

By  C.  E.  Brackenbury,  C.E.,  author  of  "  Modern  Methods 
of  Saving  Labour  in  Gas  Works." 

OTHER    VOLUMES  IN  PREPARATION. 


Messrs.  Archibald  Constable  &  Co.  call  the  attention  of  the  public  to  the 

Repertoire  General  du   Commerce 

A  Series  of  Encyclopaedias  of  International  Trade,  of  which 
they  are  Sole  Agents. 

Each  volume  is  printed  in  French  and  the  language  of  the  country  dealt 
with  in  parallel  columns,  and  forms  an  invaluable  reference  Encyclopaedia 
of  the  trade  and  trading  conditions  existing  between  France  and  that 

country. 

United  States — France      ..  21s.  net.  Second  Edition  now  ready. 

Italy — France           . .          . .  10s.  net.  Now  ready. 

Great  Britain — France     . .  21s.  net.  In  the  press. 

French  Colonies — France..  25s.  net.  In  the  press. 

Other  Volumes  in  -preparation. 
FULL    PROSPECTUS    ON    APPLICATION 
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Compressed    Air 

Its    Production,   Uses  and  Applications 
By   GARDNER   D.    HISCOX,    M.E. 

Author  of    "Mechanical  Movements,  Powers,  Devices,"    Etc. 

Demy  8vo.         820  Pages.         545  Illustrations. 

20s.  net. 

A  complete  treatise  on  the  subject  of  compressed  air,  comprising  its 
physical  and  operative  properties  from  a  vacuum  to  its  liquid  form.  Its 
thermodynamics,  compression,  transmission,  expansion,  and  its  uses  for 
power  purposes  in  engineering,  mining  and  manufacturing  work.  Air 
compressors,  air  motors,  air  tools,  air  blasts  for  cleaning  and  painting. 
The  sand  blast,  air  lifts  for  pumping  water,  oils  and  acids,  submarine 
work,  aeration  of  water,  railway  appliances  and  propulsion.  The  air 
brake,  pneumatic  tube  transmission,  refrigeration  and  cold  rooms.  The 
hygiene  of  compressed  air,  its  liquefaction  and  phenomena,  including  forty 
tables  of  the  physical  properties  of  air,  its  compression,  expansion  and 
volumes  required  for  various  kinds  of  work,  and  a  list  of  patents  on  com- 
pressed air  from  1875. 

CONTENTS  : 

Historical  Progress  of  Air  Work.  Physical  Properties,  with  Six  Tables 
of  Comparative  Volume  of  Air  Absorbed"  by  Water.  Volumes  and  Weight 
of  Dry  and  Saturated  Air.  Absolute  Pressure  for  Height  of  Barometer 
with  Moisture.  Weight  of  Vapour  per  cubic  foot  of  Saturated  Air  at 
Various  Temperatures.  Temperature  of  Boiling  Water  at  Various  Heights, 
with  Barometric  and  Gauge  Pressure.  Amount  of  Water  Condensed  by 
Air  Compression  and  Cooling,  etc.,  etc.  Air  in  Motion  and  its  Force. 
Table  of  Velocity  and  Pressure,  with  Examples,  anemometers,  evaporation 
of  Water  by  Air.  Air  Pressures  below  Atmospheric  Pressure,  Air  Pumps 
and  their  work,  with  Table  of  Evaporation.  Commercial  Utility  of  a 
Vacuum  with  examples.  Drying  in  Vacuo.  Salt  Making,  Siphon  and  its 
Work.  Vacuum  Excavator.  Flow  of  Air  into  a  Vacuum,  with  Formulas. 
Flow  of  Air  under  Pressure  from  Orifices  into  the  Atmosphere,  with 
Tables  of  Velocities  under  Varying  Pressures  and  Conditions  and  in  Cubic 
feet  per  minute,  with  Formulas  and  Examples.  The  Air  Jet  Nozzle. 
The  Power  of  the  Wind.  Wind  Mill  and  its  Work,  with  Table.  Electric 
Generation.  Low-Pressure  Air  Work.  The  Box  Kite.  Gold  Mining, 
Rotary  Blowers,  Gasoline  and  Air  Braziers,  Compressed  Air  for  Blowing 
Glass,  etc.  Isothermal  Compression  and  Expansion  of  Air,  its  law,  with 
Diagrams  and  Formulae.  Thermodynamics.  Tables  of  Specific  Heats. 
Absolute  Temperatures.  Its  Absolute  Zero.  Volume,  Pressure  and 
Density  at  Various  Temperatures.  Formulas,  and  Figured  Examples, 
Law  of  Expansion  and  Contraction  by  Heat  and  Cold  with  Comparative 
Volumes.  Adiabatic  Compression  and  Expansion,  with  Diagrams,  Formu- 
las and  Algebraic  Expressions,  with  Figured  Solutions.  Extensive  Air 
Tables  to  3,000  pounds  pressure.  Adiabatic,  Isothermal,  Absolute  and 
Gauge  Pressures,  Ratios,  Point  of  Stroke,  Mean  Pressure  with  Formulas 
and  Examples  of  Computation  of  the  Different  Values  in  the  Tables.  Com- 
pressed Air  Indicator  Card.  Mean  Pressure,  its  Value  and  Computation 
for  Mean  Pressure.     Steam  and  Air  Card  Compared,  and  their  Relative 
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Values.  Actual  Work  of  the  Compressor  with  Tables  of  Mean  Pressure, 
Load  Foot  Pounds  of  Work  for  Compressing  Air,  Diagrams  of  Isometric 
and  Adiabatic  Work  of  Compression,  with  Formulas  and  Worked-out 
Examples  of  Foot  Pound  Work  of  Compression.  Multi-Stage  Air  Com- 
pression. Tables.  Power  Lost,  One,  Two  and  Four  Stage.  Intercoolers. 
Three  Stage  Work.  Four  Stage,  with  diagrams.  And  Foot  Pound  Work, 
Loss  of  Power  in  Stage  Compression,  Aftercoolers,  Foot  Pound  Work  of 
Air  Compression  in  Different  Stages.  Horsepower  for  Compressing  Air 
at  Different  Pressures  and  Stages.  Expansion  of  Compressed  Air  and  the 
Work  of  the  Motor,  with  Tables  of  Cut-off  Values  and  Clearance.  Tables 
of  Ratios,  Pressures  and  Temperatures  in  Motor  Cylinder,  with  the  Mean 
and  Terminal  Pressures.  Foot  Pound  Work  of  Expansion,  Measurement 
of  Expansion  Card,  Formulas  for  Expansion  in  Cylinders  and  Figured 
Results  for  Mean  and  Terminal  Pressure  with  Method  for  Computing  the 
Tabulated  Values.  Transmission  of  Power  by  Compressed  Air.  Tables, 
Diameters,  and  Areas  of  Pipe  with  Coefficient  and  Multipliers  with  Formula 
Table  of  Transmitted  Volumes  under  various  Pressures,  from  45  to  105 
pounds.  Table,  Loss  of  Pressure  by  Friction,  with  Formula,  Gauge 
Pressures  and  Corresponding  Density.  Formulas  and  Figured  Examples 
in  Transmission  of  Air  Power.  Reheating  and  its  Work,  with  Illustrated 
Forms  of  Reheaters  and  Figured  Values  of  the  work  of  Reheating  Com- 
pressed Air,  and  its  Cost.  Coloric  or  Hot  Air  Engine  and  Air  Motor, 
Theory  and  Work.  The  Compressed  Air  Motor  and  its  Work.  The  Paris 
Plant  with  Diagrams  of  Compressor  and  Motor  Work.  Efficiencies  of  Air 
Plants.  A  Hydraulic  Compressor  Plant  and  its  Efficiency.  Efficiency  of 
Compressed  Air  at  High  Altitudes.  The  Use  of  Compressed  Air  with 
Motors,  and  Numerous  Tables  for  the  use  of  Compressed  Air  for  all  purposes, 
Driving  Hoisting  Engines,  Pumping  Water,  etc.  Capacity  of  Compressors. 
Measurement  of  Compressed  Air  by  Meter.  Air  Compressors.  Various 
Types,  the  Trompe,  Hydraulic  and  early  types  of  Piston  Compressors. 
Diagrams  Illustrating  Forms  and  Principles  of  Single,  Duplex  and  Com- 
pound Types.  Air  Compressors  of  various  makes  Illustrated  and  De- 
scribed. The  Ingersoll-Sergeant;  Single  Piston  Inlet,  Compound  and  Four 
Stage  Types.  The  High  Pressure  Bottle.  Laidlaw,  Dunngordon  and 
Clayton  Type.  Guild  and  Garrison,  Knowles.  Types  of  Norwalk  Iron 
Works,  E.  P.  Allis  Co.,  McKiernan,  Merrill,  Curtis  &  Co.,  N.  Y.  Air  Comp. 
Co.  Types  of  Rand  Drill  Co.,  Marsh,  St.  Louis  Steam  Engine  Co.,  Phila. 
Engineering  Works,  D'Auri,  Stillwell-Bierce  &  Smith  Vaile  Co.,  Nordberg 
Mfg.  Co.  Gasoline  Type  of  Fairbanks-Morse  Co.  Kerosene  Oil  Type. 
Explosions  in  Cylinders.  Compressed  Air  in  Mining,  Rock  Drills.  Types 
of  the  Ingersoll-Sergeant  Drill  Co.  Bar  Channeller.  Coal  Cutter.  Rand 
Drill  Co.  Air  Table.  Chicago  Rock  Drill.  McKiernan,  Phillips  Rock 
Drill  Co.  Leyner.  Table.  Air  for  Operating.  Impact  or  Force  of  Per- 
cussion in  Hammers  and  Drills.  Pneumatic  Tools.  Air  Hammers.  Ross. 
Q  &  C.  Duplex.  Little  Giant.  Boyer.  Tilden.  Chicago  Pneumatic 
Tool  Co.  Hold-on.  Hammer  in  Sculpture.  Fret  Saw.  Machine  Shop, 
in  Shipbuilding,  in  Structural  Work,  in  Riveting.  Compression  Riveters. 
In  Boiler  Work.  Air  Drills  and  their  Work.  Haesler.  Little  Giant. 
Boyer.  Whitelaw.  Phoenix.  Chicago.  Drills  and  their  Work.  Cj.  & 
C.  Hammers.  Yoke  Riveters.  Stationary  Riveters.  Piston  Drills. 
Standard  Railway  Equipment  Co.  Hammer  and  Drills.  Phila.  Pneu- 
matic Tool  Co.  Hammers.  Hold-on.  Rammers.  Sand  Sifter.  Brush. 
Moulding  and  Welding  Machine.  Drift  Bolt  Driver.  Stow  Flexible  Shaft 
Co.  Rotary  Drills.  Drills  and  Hoists  of  the  Empire  Engine  and  Motor 
Co.  Shaw  Pneumatic  Tools.  Standard  Pneumatic  Tool  Co.  Drills  and 
Riveters.  Craig  Rideway  Co.  Hoists,  Warehouse  Hoists  and  Trolley. 
Air  Lifts  of  the  Chicago  Pneumatic  Tool  Co.,  and  Pedrick  &  Ayre  Co. 
Table  of  Air  Lift  Work.  Air  Punch.  Stay  Bolt  Cutters.  Air  Jacks.  Air 
Saw.     Air    Pyrometer.     Records.     Principle   of   Operation.     Pneumatic 
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Current  Meter  and  Recorder.  Compressed  Air  in  Railway  Service.  Me- 
karski,  Hardie  and  Judson  Systems.  125th  St.  and  28th  St.  Cars.  Air 
Card.  Motors  and  Trucks.  Reducing  Valve.  Locomotives  of  American 
Air  Power  Co.  Cost  of  Compressed  Air.  Baldwin  and  H.  K.  Porter  Co. 
Compressed  Air  in  R.  R.  Signalling  Interlocking  System.  Pneumatic 
Baggage  Handler.  Gates.  Dumping  Cars.  Telegraph.  Air  Brake  and 
its  Work.  Car  Signal  System.  Air  Brake  on  Trolley  Cars.  Pneumatic 
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tion. Engraving.  File  Sharpening.  Air  Blast  in  Painting.  Dusting 
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The  General  Liquid  Air  Co.  Liquid  Air  Phenomena.  List  of  Patents  on 
Compressed  Air  from  1875. 
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An  up-to-date  book  on  Explosive  Motors  for  all  power  purposes.  The 
most  complete  in  Theory  and  in  Practical  details  of  construction  and  opera- 
tion. Explosive  Motors  for  Stationary,  Marine  and  Vehicle  Power  are 
fully  treated,  together  with  illustrations  of  their  parts  and  tabulated  sizes, 
and  extended  notes  on  their  care  and  running.  Ignition  is  fully  explained 
and  illustrated,  with  ample  notes  for  Testing  for  economy  and  power,  and 
the  erection  and  installation  of  power  plants. 
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Technical  Clauses  in  Specifications,  including  Illustrative  Specifications 
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Electric  Light  Station,  etc.  ;  Illustrative  Examples  of  Complete  Contracts 
and  Specifications  for  Pumping  Engines  and  Boilers  ;  Bridges,  Masonry 
Lock  ;  Pam  ;  Electric  Railways,  Generators  ;  Motors,  etc.  ;  also  New 
Specifications  on  Riveted  Steel  Water  Pipe  ;  Wooden  Stave  Water  Pipe  ; 
Wrought-iron  Chains  ;  Railroad  Concrete  Work  ;  Railway  Road-bed  ; 
Levees  ;  Steel  Highway  Bridges  and  Viaducts  ;  Steel  Railroad  Bridges  and 
Viaducts  ;  Preservation  of  Railroad  Cross-ties  ;  Filter  Gravel  and  Sand  ; 
Specifications  and  Contract  for  Architects'  Services  ;  and  the  General 
Specifications  for  Testing  Hydraulic  Cements,  adopted  by  the  U.  S. 
Engineer  Corps.  Besides  these,  Two  New  Appendices  are  given  on  The 
Engineer  as  an  Expert  Witness,  and  the  Standard  Specifications  for  Iron 
and  Steel  Proposed  by  the  American  Committee  of  the  International 
Associations  for  Testing  Materials. 
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etc.  :  Cost  of  Dumping,  Cost  of  Spreading,  Cost  of  Ramming  and  Rolling, 
Cost  of  Sprinkling,  Cost  of  Trimming.  Cost  by  Wheelbarrows  and  Carts  : 
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Clearing,  Cost  of  Excavation  N.  Y.  Rapid  Transit  Subway,  Cost  of  Loading 
Wagons  with  Steam  Shovel,  Cost  of  Loading  Cars  with  a  Cableway.  Earth 
and  Earth  Structures  :  Voids  and  Weights  of  Earth,  Natural  Slopes, 
Friction  of  Earth,  Author's  Formulas  for  Earth  Pressure,  Slips  and  Sub- 
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Rapid  Field  and  Office  Survey  Work  :  The  Author's  Automatic  Level-Rod, 
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Hydraulic  Pressures,  Piezometric  Tubes.  Results  of  Raising  a  Pipe  Line 
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Simplified  Method.  Numerical  Examples.  Relative  Discharges  through 
Branches  Variously  Placed.  Discharges  Determined  by  Plotting.  Caution 
Regarding  Results  Obtained  by  Calculation.  Numerical  Examples. 
Numerical  Example  of  a  System  of  Pipes  for  the  Supply  of  a  Town.  Estab- 
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Containing  the  True  Square  of  every  foot,  inch  and  one-sixteenth  of  an 
inch  between  one-sixteenth  of  an  inch  and  100  feet. 
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CONTENTS : 
J.  WORK  (Problems  1-172). — Foot-Pounds,  Raising  Weights,  over- 
coming Resistances  of  Railroad  Trains,  Machine  Punch,  Construction  of 
Wells  and  Chimneys,  Operation  of  Pumping  Engines.  Force  and  Distance 
or  Foot-Pounds  Required  in  Cases  of  Pile-Driver,  Horse  Differential  Pulley, 
Tackle,  Tram  Car.  Horse-Power  :  Required  to  Windmills,  Planing 
Machines,  Gas  Engine,  Locomotive,  Steam  Engines — Simple,  Compound, 
Triple,  Slow-Speed,  High-Speed  Engines.  Horse-power  from  Indicator 
Cards,  Required  by  Electric  Lamps,  Driving  Belts,  Steam  Crane,  Coal 
Towers,  Pumping  Engine,  Canals,  Streams,  Turbines,  Water  Wheels. 
Efficiency,  Force  or  Distance  Required  in  Cases  of  Fire  Pumps,  Mines, 
Bicycles,  Shafts,  Railroad  Trains,  Air  Brakes,  the  Tide,  Electric  Motors, 
Freight  Cars,  Ships.  Energy :  Foot-pounds,  Horse-power.  Velocity : 
Ram,  Hoisting  Engine,  Blacksmith,  Electric  Car,  Bullet,  Cannon,  Nail, 
Pendulum.  Energy  resulting  from  Motion  of  Flywheel  and  Energy 
required  by  Jack-screw.  II.  FORCE  (Problems  172-405). — Forces  acting 
at  a  Point  :  Canal  Boat  being  Towed,  Rods,  Struts,  Beams,  Derrick, 
Cranes  set  as  in  Action  ;  Balloon  held  by  Rope,  Hammock  Supported  ; 
Wagon,  Trucks,  Picture  Supported  :  Forces  in  Frames  of  Car  Dumper, 
Tripod,  Shear  Legs,  Dipper  Dredge,  also  in  Triangle,  Square,  Sailing  Vessel, 
Rudder,  Foot-bridge,  Roof-truss.  Moments  for  Parallel  Forces  :  Beams 
Balanced,  Pressure  on  Supports,  Propelling  Force  of  Oars,  Raising  Anchor 
Force  at  Capstan,  Bridge  Loaded  Pressure  on  Abutments,  Lifting  one  end 
of  Shaft,  Boat  Hoisted  on  Davit,  Forces  acting  on  Triangle,  Square, 
Supports  of  Loaded  Table  and  Floor.  Couples  :  Brake  Wheel,  Forces 
acting  on  Square.  Stresses  :  Beam  leaning  against  Wall,  Post  in  Truss, 
Rope  Pull  on  Chimney,  Connecting  Rod  of  Engines,  Trap-door  held  up  by 
Chain.  Centre  of  Gravity  :  Rods  with  Loads,  Metal  Square  and  Triangle, 
Circular  Disk  with  Circular  Hole  punched  out,  Box  with  Cover  open, 
Rectangular  Plane  with  Weight  on  one  end,  Irregular  Shapes, 
Solid  Cylinder  in  Hollow  Cylinder,  Cone  on  top  of  Hemisphere. 
Friction  :  WTeight  moved  on  Level  Table,  Stone  on  Ground,  Block 
on  Inclined  Plane,  Gun  dragged  up  Hill,  Cone  sliding  on  Inclined 
Plane  ;  Friction  of  Planing  Machine,  Locomotives,  Trains,  Ladder  against 
Wall,  Bolt  Thread,  Rope  around  a  Post  ;  Belts,  Pulleys  and  Water-wheels 
in  action  ;  Heat  Generated  in  Axles  and  Bearings.  III.  MOTION  (Prob- 
lems 405-500). — Uniform  Acceleration  :  Railroad  Train,  Ice  Boat,  Stone 
Falling  and  Depth  of  Well,  Balloon  Ascending,  Cable  Car  Running  Wild. 
Relative  Velocity  :  Aim  in  Front  of  Deer,  Rowing  across  River,  Bullet 
Hitting  Balloon  Ascending,  Rain  on  Passenger  Train,  Wind  on  Steamer, 
Two  Passing  Railroad  Trains.  Distance,  Velocity,  Friction,  Angle  of 
Inclination  :  Train  Stopped,  Steamer  Approaching  Dock,  Cannon  Recoil, 
Locomotive  Increasing  Speed,  Body  moved  on  Table,  Box-machine, 
Motion  of  Table,  Barrel  of  Flour  on  Elevator,  Man's  Weight  on  Elevator, 
Cage  Drawn  up  Coal  Shaft.  Projectiles  :  Inclination  for  Bullet  to  strike 
Given  Point,  Motion  down  Plane,  Stone  dropped  from  Train,  Thrown  from 
Tower,  Projectile  from  Hill,  From  Bay  over  Fortification  Wall.  Pendu- 
lums :  Simple,  Conical,  Ball  in  Passenger  Car.  Impact  :  Water  suddenly 
Shut  Off,  Cricket  Ball  Struck,  Hammer  Falling  on  Pile,  Shot  from  Gun, 
Bullet  from  Rifle,  Freight  and  Passenger  Trains  Collide.     Answers.     Index. 
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The  Railway  Transition  Spiral 

By   PROFESSOR   A.    N.   TALBOT 
6s.  net. 

CONTENTS : 

Nomenclature.  Theory.  Summary  of  Principles.  Description  and 
Use  of  the  Tables.  Choice  of  a  and  the  Length  of  Spiral.  Location  of 
P.  S.,  P.  C.  C.  and  P.  C.  Laying  Out  the  Spiral  by  Co-Ordinates.  Loca- 
tion by  Transit  and  Deflection  Angles.  Application  to  Existing  Curves. 
Compound  Curves.  Miscellaneous  Problems.  Uniform  Chord  Length 
Method,  Street  Railway  Spirals.  Conclusion  :  Explanation  of  Tables, 
which  include  Transition  Spirals,  Factors  for  Ordinates,  Unit  Spiral 
Deflection  Angles,  Co-efficients  for  Deflection  Angles,  Street  Railway 
Spirals,  Offsets  for  Spirals. 


Tables  for  Obtaining  Horizontal 

Distances  and  Differences  of  Level 
from  Stadia  Readings 

NOBLE   &   CASGRAIN 
4s.  net. 

Giving  distances  and  heights  for  all  stadia  readings  from  i  to  9  and  for 
every  minute  of  altitude. 


Technic    of    Mechanical 
Drafting 

By  G.  W.  REINHARDT. 

Fully  Illustrated. 
4s.  net. 

Giving  general  instructions  on  the  care  and  handling  of  Draughtsmen's 
Instruments  and  Materials,  and  containing  chapters  on  Outlining,  Outline 
Shading,  Section  Lining,  Curved  Surface  Shading,  Shading  of  Inclined 
Surfaces-  Map  Drawing,  Character  and  Finish,  etc. 
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Surveying  Manual 

A   Manual  of  Field   and    Office   Methods 

By    W.    D.    PENEE    and    M.    S.    KETCHUM 
8s.  net. 

CONTENTS : 

General  Instructions.  The  Chain  and  Tape.  The  Compass.  The  Level. 
The  Transit.  Topographic  Surveying.  Land  Surveying.  Railroad  Sur- 
veying. Errors  of  Surveying.  Methods  of  Computing.  Freehand  Let- 
tering. 


Office-Copy  Booklet 

By    the  same    Authors. 

4s.  net  per  dozen. 

Published  primarily  for  use  in  connexion  with  The  Surveying  Manual, 
but  very  useful  in  drainage,  topographical  surveys,  etc. 


Text  Book  on  Plain  Lettering 

By    H.    S.    JACOBY. 
i2s.  net. 

Containing  chapters  on  construction  and  spacing  of  letters,  titles,  selec- 
tion of  styles,  mechanical  aids  and  48  plates  illustrating  construction  of 
letters,  spacing  titles,  proportioning,  scales,  meridians,  borders,  .  Coast 
Survey  rules,  maps  and  titles,  Geological  Survey  standards  and  maps, 
Mississippi  River  Commission  title  and  maps,  Corps  of  Engineers,  specimens 
of  type  and  explanatory  notes. 


Earth   Dams 

By    BURR    BASSELL 

Fully  Illustrated. 
4s.  net. 

CONTENTS : 

Introduction.  Preliminary  Studies  and  Investigations.  Outline  Study 
of  Soils.  Puddle.  The  Tabeaud  Dam,  California.  Different  Types  of 
Earth  Dams.     Conclusions.     Statistical  Descriptions  of  High  Earth  Dams. 
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The  Design  of  Steel  Mill 
Buildings 

And  the  Calculation  of  Stresses    in    Framed 
Structures 

By    M.    S.    KETCHUM 

380  pages.  Fully  Illustrated. 

1 6s.  net. 

CONTENTS : 

Introduction.  Loads.  Dead  Loads.  Snow  Loads.  Wind  Loads. 
Miscellaneous  Loads.  Stresses.  Graphic  Statics.  Stresses  in  Framed 
•Structures.  Stresses  in  Simple  Roof  Trusses.  Simple  Beams.  Moving 
Loads  on  Beam.  Stresses  in  Bridge  Trusses.  Stresses  in  a  Transverse 
Bent.  Stresses  in  Portals.  Stresses  in  Three-hinged  Arch.  Stresses  in 
Two-hinged  Arch.  Combined  and  Eccentric  Stresses.  Design  of  Mill 
Buildings.  General  Design.  Framework.  Corrugated  Steel.  Roof 
Coverings.  Side  Walls  and  Masonry  Walls.  Foundations.  Floors. 
Windows  and  Skylights.  Ventilators.  Doors.  Shop  Drawings  and 
Rules.  Paints  and  Painting.  Estimate  of  Weight  and  Cost.  Mis- 
cellaneous Structures.  Appendix  I.  Specifications  for  Steel  Frame 
Mill  Buildings. 

Complete  Table  of  Contents  on  Application. 


Topographical   Record  and 
Sketch   Book 

For  use  with  Transit  and   Stadia 

By    D.    L.    TURNER 

3s.  66.  net. 

Containing  explanatory  introduction,  giving  the  Author's  suggestion  as 
to  the  best  method  for  using  the  book.  Following  this  are  eighty  pages 
ruled  in  blue,  the  left-hand  pages  containing  columns  for  field  notes  and 
the  right-hand  pages  being  ruled  with  radial  lines  and  concentric  circles, 
on  which  to  sketch  topography  ;  also  tables  giving  Horizontal  Distances 
and  Differences  of  Elevation  for  Stadia  Readings  of  100  units,  varying  by 
two  minutes  of  altitude. 
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Railway  Track   and  Track  Work 

By    E.    E.    R.    TRATMAN 

742  pages.  226  Illustrations. 

12s.  6d.  net. 

Revised  and  enlarged  edition,  containing  additional  chapters  on  "  Signals 
and  Interlocking  "  and  "  Street  Railway  Track." 

CONTENTS : 

Track.  Introduction.  Railroad  Construction.  Ballast.  Ties  and  Tie- 
Plates.  Rails,  Rail  Fastenings  and  Rail  Joints.  Switches,  Frogs  and 
Switchboards.  Fences  and  Cattle  Guards.  Bridge  Floors  and  Grade 
Crossings.  Track  Signs.  Tanks  and  other  Track  Accessories.  Sidings, 
Yards  and  Terminals.  Track  Tools  and  Supplies.  Signals  and  Inter- 
locking. Street  Railway  Track.  Track  Work.  Organization  of  Main- 
tenance-of-Way  Department.  Tracklaying  and  Ballasting.  Drainage 
and  Ditching.  Track  Work  for  Maintenance.  Gauge,  Grades  and  Curves. 
Track  Inspection  and  the  Premium  System.  Switch  Work  and  Turnouts. 
Bridge  Work  and  Telegraph  Work.  Permanent  Improvements  and  Work 
Trains.  Handling  and  Clearing  Snow.  Wrecking  Trains  and  Operations. 
Records,  Reports  and  Accounts.  Table  of  Standard  Track  Construction 
on  Fifty  Railways.     Table  of  Train  Speeds  and  Distances  Run. 


Cleaning   and   Sewerage  of  Cities 

By   PROFESSOR   R.    BAUMEISTER 

290  pages.         Fully  Illustrated. 

8s.  net. 

CONTENTS : 

Introductory.  Sewerage  :  General  Principles,  Carrying  of  Waste  Water 
Rain  Water,  Character  of  Waste  and  Rain  Water  and  Sewage,  Shape  and 
Material  of  Sewers,  Calculation  of  Sewers,  Special  Details  of  Construction, 
Catch-Basins,  Flushing,  Ventilation,  Effects  of  Subsoil  Water,  The  Separate 
System,  Cost  of  Work.  The  Purification  of  Sewage  :  Pollution  of  Rivers 
Chemical  Precipitation,  Precipitating  Tanks,  Results  and  Cost  of  Purifi- 
cation, Aeration,  Filtration,  Irrigation,  Results  and  Cost  of  Irrigation. 
General  Municipal  and  Domestic  Sanitation  :  The  Sanitary  Problem, 
General  Principles,  The  Use  of  Gutters,  Quantity  and  Character  of  Refuse, 
Implements  for  Street  Cleaning,  Removal  of  the  Rubbish,  Miscellaneous 
Regulations  Concerning  Streets,  Quantity  and  Characteristics  of  Excre- 
ment, Removal  of  Excrement,  Removal  Through  Pneumatic  Tubes, 
Financial  Consideration,  Special  Treatment  of  Excremental  Matter,  Sepa- 
ration of  Excremental  Matter,  Disinfection,  American  Practice  in  Street 
Cleaning  and  Sewerage,  Diagrams  of  Hydraulic  Formulas.  Appendix. 
Index. 
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Field   Practice  of  Railway 
Location 

By   WILLARD    BEAHAN 

270  pages.         Fully  Illustrated. 
12s.  net. 

CONTENTS : 

The  Character  of  the  Road  :  Types  of  Systems,  Effect  of  Monopoly,  the 
Charter,  New  Main  Lines,  Traffic,  Cost  of  Construction,  Extensions  of 
Main  Lines,  Cut-offs,  Branch  Lines,  Summary.  Reconnaissance  for  Route  : 
Instruments,  Field  Glass,  Compass,  Barometer,  Level,  Distances  by 
Timing,  the  Method  of  Preliminaries,  the  Personal  Reconnaissance  Method, 
the  Stadia  Method,  the  Reconnaissance,  Errors  of  Observation,  Topog- 
raphy as  Affecting  Location,  Valley  v.  Ridge  Location,  Crossing  Drainage 
at  Right  Angles,  Passes,  Crossing  Drainage  Diagonally,  Canons,  Developing 
Loops,  Tunnelling,  Switchbacks,  Inclines,  Field  Notes,  Report  of  Engineer. 
Organization,  Subsistence  and  Equipment  of  Parties  :  Chief  of  Party, 
Topographer,  Transitman,  Draftsman,  Levelman,  Head  Chainman, 
Rodman,  Cook,  Teamster,  Axmen,  Stakemen,  Flagman,  Extra  Men  and 
Horses,  Equipment,  Transit,  Level,  Rods  and  Chains,  Sundries,  Tents, 
Stoves,  Quarters,  Cook's  Outfit,  Stock  Tent,  Food  Supplies,  Fuel,  Army 
Rations,  Pack  Train,  Subsistence  Lists,  Equipment  for  Locating  Party, 
Tool  Box,  Medicines.  The  Preliminary  Survey  :  No  Preliminary  Needed, 
One  Preliminary  Needed,  Two  or  More  Preliminaries  Needed,  Recon- 
naissance for  Line,  Transit  Work,  Chaining,  Station  Stakes,  Hubs,  Tran- 
sitman's  Notes,  Topography,  Levelling,  Bench  Marks,  Drafting  the  Profile, 
Openings.  Geology  in  its  Relations  to  Topography  :  Rocks  the  Material 
of  Topograhhy,  Origin  of  the  Different  Kinds  of  Rocks,  the  Internal 
Changes  Affecting  Rocks,  Structural  Changes  in  Beds  of  Rocks,  Topographic 
Relief,  Constructive  Agencies,  Destructive  Agencies,  Atmospheric  Agencies. 
The  Locomotive  :  Types,  Grate  Area,  Boiler,  Tractive  Power,  Tripod 
Support,  Equalizing  Bars,  Conclusions.  Part  I.  Train  Resistances  : 
Journal  Friction,  Rolling  Friction,  Velocity  Resistance,  Starting  Resistance, 
Grade  and  Curve  Resistances,  Rise  and  Fall,  Virtual  Profile,  Vertical 
Curves,  Curve  Resistance,  Equating  for  Curvature,  Elevation  of  Outer 
Rail,  Easement  Curves,  Cost  of  Construction  and  Capitalization,  Right  of 
Way,  Cost  of  Grading,  Masonry,  Bridging,  Bridge  Spans,  False  Work, 
Capitalizing  a  Trestle,  Minor  Openings,  Track,  Buildings,  Capitalization. 
Part  II.  The  Located  Line  :  Locating  from  One  Preliminary,  Curves, 
Topography,  Platting,  Vertical  Curves,  Location  from  Several  Preliminaries, 
Cost  of  Transportation,  Equating  Grades,  Equating  Curvature,  Virtual 
Profile,  Maximum  Grades,  Assistant  Engines,  Heavier  Engines,  Adapting 
Grades  to  Engines,  Maximum  Curvature,  Final  Consideration.  Records 
and  Cost  of  Surveys  :  Character  of  Records  and  Notes,  Uses  of  Maps  and 
Records,  Reconnaissance  Records,  Preliminary  Survey  Records,  Location 
Records,  Form  of  Notes,  Note  Books,  Scale  of  Profile  and  Maps,  Cost  of 
Surveys. 
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City   Roads  and   Pavements 

Suited    to   Cities   of  Moderate    Size 

By   W.    P.    JUDSON 

SECOND  EDITION.      REVISED  AND  ENLARGED. 

Fully  Illustrated. 
8s.  net. 

CONTENTS  : 

Preparation  of  Streets  for  Pavements  :  Reduction  of  Width,  Drainage, 
Subdrainage,  Rollers,  Rolling  Dirt  Roads,  Wide  Tires,  Pressure  of  Traffic 
and  of  Structures.  Ancient  Pavements  :  Comparisons,  Stone  Wheel- 
Tracks,  Competition  with  First  Railway.  Modern  Pavements  :  Com- 
parative Loads,  Cost,  Pavements  for  Steep  Grades,  Asphalt,  Vitrified 
Brick,  Creosoted  Wood  Block,  Block  Stone,  Broken  Stone,  Bituminous 
Macadam,  Crown  of  Pavements  (Rosewater  Formulae  of  1898  and  1902), 
Form  of  Crown  (for  Macadam),  Falls  of  Horses  on  Different  Pavements, 
Culverts  (Kinds,  Sizes,  Cost),  Curbs  (Kinds,  Sizes,  Cost),  Car-Track  Con- 
struction. Concrete  Base  for  Pavement  :  Need,  Subgrade,  Cement 
(Simple  Outfit  for  Easy  Tests,  Fineness,  Quickness,  Soundness,  Purity, 
Weight,  Result),  Manner  of  Use,  Aggregates,  Sand,  Proportions  and 
Mixing,  Water,  Machine-mixing,  Spreading  and  Ramming,  Monolith, 
Surface,  Setting,  Wetting,  Freezing  (Use  of  Brine,  Limit  of  Cold),  Cost, 
Portland,  Natural,  Extra  Work,  Table  (36  Cities),  Block-Stone  Pave- 
ments :  Defects,  Merits,  Cost,  Extent.  Wood  Pavements  :  Old,  Cedar 
Blocks,  Modern,  Australian,  American  (Kreodone-Creosote,  Creo-Resinate 
Cost),  Vitrified  Brick  Pavements  :  Modes,  Extent,  Objections,  Production, 
Characteristics,  Qualities,  Tests,  Examination  in  Use,  Construction  (Base, 
Sand-Cushion,  Joint-Fillers,  Expansion),  on  Steep  Grades,  Cost,  Guarantee. 
American  Sheet  Asphalt,  Artificial  and  Natural  :  Comparison,  History, 
Artificial,  Natural,  Companies,  Sources,  American  Artificial  (Materials 
and  Methods,  Foundation,  Binder,  Wearing  Surface,  Rolling),  Steep 
Grades,  Crown,  Railway  Tracks,  Cost,  Guarantee,  Causes  of  Failures, 
Block-Asphalt  (Extent,  Cost),  Comparative  preference,  Asphalt  and  Brick. 
Bituminous  Macadam,  or  Bitulithic  Pavement  :  Characteristics,  Details, 
Methods,  Cost,  Opinions.  Broken  Stone  Roads  :  Extent,  Rock  for  Roads, 
Tests  of  Rock,  Telford  and  Macadam  (Relative  Costs),  Binder  (Mode  of 
Use,  Quality,  Quantity),  Maximum  Grades,  Construction,  Subgrades  of 
Various  Kinds,  Rock  (Crushing,  Screening),  Base,  Top,  Thickness,  Crowns 
Cost,  Cautions,  Maintenance,  Methods  of  Repairs  (Raveling,  Rolling,  Ruts, 
Cleaning,  Cost),  Resurfacing  (Methods,  Cost).     Index. 
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CONTENTS : 
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ments. Cost  of  Earthwork.  Surfacing.  Traction  and  Tractive  Power. 
Location.  Gravel  Roads.  Macadam  Roads  :  What  Holds  Macadam 
Together.  Quality  of  Stone.  Quarrying.  Dynamite.  Crushing.  Hauling. 
Spreading.  Rolling.  Sprinkling.  Quality  and  Cost.  Telford  Roads. 
Summary  and  Conclusion. 
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THE    PRINCIPLES    OF    WIRELESS    TELEGRAPHY 
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CONTENTS  : 

Part  I.  Maxwell's  Theory  and  Hertzian  Oscillations. — General- 
izations Regarding  Electrical  Phenomena.  Maxwell's  Theory.  Electrical 
Oscillations  before  Hertz.  Hertz's  Oscillator.  Methods  of  Observation. 
Propagation  along  a  Wire.  Measurement  of  Wave-Length  and  Multiple 
Resonance.  Propagation  in  Air.  Propagation  in  Dielectrics.  Production 
of  verv  rapid  Oscillations.  Imitation  of  Optical  Phenomena.  Svnthesis 
of  Light. 

Part  II. — The  Principles  of  Wireless  Telegraphy. — General  Prin- 
ciples. Telegraphy  by  Hertzian  Waves.  The  Grounded  Oscillator. 
Propagation  of  Grounded  Waves.  The  Receiving  Apparatus.  Selective 
Signalling. 
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